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Chapter 1

Introduction to the Six-Port Technique

This chapter is an introductory chapter to the book and it briefly reports the basic
concepts and principles related to transmissions lines, modeling of linear
networks, defining S parameters, and some elements relevant to microwave
metrology and the design of network analyzers.

1.1 MICROWAVE NETWORK THEORY

The definition of voltages and currents for non-TEM lines is not straightforward
[1]. Moreover, there are some practical limitations when one tries to measure
voltages and currents in microwave frequencies. To solve these problems, the
incident and reflected powers and their parameters are measured in microwave
frequencies. The scattering parameters, which indeed are the parameters that can
be directly related to power measurements, are used to characterize microwave
circuits and networks.

1.1.1 Power and Reflection

Figure 1.1 shows a one-port network with input impedance Z that is connected to
the generator V, with generator impedance Z,. Power is transmitted from the
generator to the one-port network. The current and voltage at terminal are

v
i= = (1.1)
/Z +7Z
g
and
ZV
= £ (1.2)
Zg+Z
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In order to receive the maximum available power from generator in the load, the
conjugate matched, Z :Z;: , conditions must be realized. Let Z, =R, +jX,;

then, under this condition, the incident current and voltage are defined as [2]

ONE. PORT
V _ | NETWORK

l

Figure 1.1 One-port network and extraction of incident and reflected waves using a directional
coupler.

[+ Vg Vg (1 3)
Z'+7Z 2R '

and

v ZV
yr=_—£8 __8¢ (1.4)
Z,+Z, 2R,

The relationship between incident voltage and incident current is given by
ve=z1I" (1.5)

The maximum available power is

2
v
P, =Re(VI') = Q (1.6)
4R,
where current and voltage are RMS values. As may be seen from (1.4) and (1.5),
incident voltage and incident current are independent of the impedance of the one-

port network. The terminal voltage and current according to Figure 1.1 are
obtained as

V=V"+V" (1.7a)
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I=I"-1 (1.7b)

From (1.6), the incident power is defined as the maximum available power from a
given generator as

‘2

=Re[ V(1) |= ‘Vg

P — 1.8
iR, (1.8)
By using (1.4), the incident power (1.8) can be written as
2
V' R,
inc = %12 (19)
Z
g

The magnitude of the normalized incident wave, a, and reflected wave, b, are
defined as the square root of the incident and reflected powers as

v (R
la| = /B, = Z‘/;zﬁ\/E (1.10a)

g

\b\:ﬁ:y_‘/g:r\/g (1.10b)

Zg

The dimensions of a and b are the square root of power. They are directly related
to power flow. The ratio of the normalized reflection wave to normalized incident
wave is called reflection coefficient

—
[
I

(1.11)

1.1.2 Scattering Parameters

The normalized incident and reflected waves are related by scattering matrix. The
scattering matrix characterizes a microwave network at a given frequency and
operating conditions. Let the characteristics impedance of the transmission lines
in Figure 1.2 be equal to Z0; then the scattering matrix of a two-port network can

1 11 12 1 (] ] 2)
b2 S21 S22 a2
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Z, ° 7 ° ?

Z, TWO- PORT Output 7, =7,

NETWORK
Figure 1.2 Two-port network and extraction of incident and reflected waves using directional coupler.

=7 0 Input

where s, =5 /al‘ ,1s the input reflection coefficient while the output is

terminated with Z,,
sy, =b,/ al‘ , 1s the forward transmission coefficient between Z, terminations,

a,=

s, =b/ az‘alzo is the reverse transmission coefficient between Z, terminations,
and s,, =b,/ az‘aI:O is the output reflection coefficient while the input is
terminated with Z,.

If we have a lossless passive two-port, the power applied to the input port is
either reflected or transmitted. Accordingly,

s, [ +]s,,] =1 (1.13)
The advantage of scattering parameters is that they can be evaluated by attaching
direction couplers to all of the network ports. The directional couplers separate
incident and reflected power waves directly, simplifying the measurement
procedure. The fact to remember is that the conditions required for determining
the individual s-parameter value need properly terminated transmission lines at the
various ports [3].

The scattering matrix may be expanded to define any N-port network, where N is
any positive integers. The characteristic impedance of the different port can be the
same. This is the case in the many practical applications. However, the scattering
matrix can be generalized to include the different characteristic impedances in
various ports [1]. An N-port network is shown in Figure 1.3, where q, is the
incident wave in port n and b, is the reflected wave in port n.
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b1<7a1 ZOI POI"If—l
V. PORT
TWORK
b «— 4y Z,\Port —n
b, < >4y Z,, |Port—N

Figure 1.3 An arbitrary N-port microwave network.

The scattering matrix, or [S] matrix, is defined in relation to these incident and
reflected waves as

_bl | _Sll S12 SIN__al_
b, _ S5, : a, (1.14)
_bN 1 [Swm Sy L9 |
A specific element of [S] matrix is defined as
s, =b/a, (1.15)

Jla, =0 for k=j

A vector network analyzer is mostly used to measure the scattering parameters. A
vector network analyzer is basically a four-channel microwave receiver that
processes the amplitude and phase of the transmitted and reflected waves from a
microwave network.

A vector network analyzer generally includes three sections: RF source and test
set, IF processing, and digital processing. To measure the scattering parameters of
a DUT, RF source sweep over a specific bandwidth, the four-port reflectometer
samples the incident, reflected and transmitted RF waves, and a switch allows the
network to be driven from either ports of DUT.
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1.2 MICROWAVE CIRCUITS DESIGN TECHNOLOGIES

1.2.1 Microwave Transmission Lines

Transmission lines are the main passive elements in microwave circuit design.
They are used to transmit the signals and to realize the passive microwave circuits
such as directional couplers, quadrature hybrids, and filters. A transmission line is
defined with characteristics impedance, Z, and electrical length 6 =f,/, where

off 1S

the effective dielectric constant of the line, A is the free space wavelength, and /
is the physical length of the transmission line.

The common transmission lines in integrated microwave circuits are stripline
microstrip lines, slot lines, and coplanar lines [3]. Figure 1.4 shows some types of
transmission lines.

The two-port scattering parameter of a matched lossless transmission line with
electrical length O is obtained as

bl 3 0 e /® a,
HEERA N 016

B, =2m e, /A is the propagation constant through the transmission line, &

Microstrip Microstrip — coupled lines
W E LS, e s, o,
Slotline Coplanar — Waveguide

Figure 1.4 Different microwave transmission lines.



Introduction to the Six-Port Technique 7

z
.z, 0=pl | DZL
7, s L
z

Figure 1.5 A terminated transmission line.

In practice, a transmission line is terminated to a load. A terminated transmission
line is shown in Figure 1.5. Let us assume that the load impedance is Z,, the
physical length and the characteristic impedance of the transmission line /, Z,

respectively. By use of the classic transmission lines theory, it can be shown that
the input impedance of a lossless terminated transmission line is obtained as [1]

Z, =Z, Z, + jZ, tan(B/) (1.17)
Z,+ jZ, tan(Bl)

1.2.2 Microwave Passive Circuits

A microwave subsytem includes transmission lines, passive circuits, and active
devices. The passive circuits are the key sections in microwave signal processing.
These circuits are usually realized using transmission lines and lump elements. In
this section, some microwave passive circuits, which are commonly used in
microwave signal processing and multiport architectures, are explained.

Wilkinson Power Divider A Wilkinson power divider is shown in Figure 1.6. This
divider is used to in-phase split the power. Although this circuit can be used for
arbitary power division, the equal split power divider (3 dB) is more common.
This divider is often made in microstrip or stripline. The scattering parameter of
an ideal Wilkinson power divider can be shown as

0 —j/\2 —j/\2
[S]=|-j/~2 0 0 (1.18)
—j/lN2 0 0
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Input Through

Isolated | Directional : Coupled
L ] ]
Coupler

Directional Coupler

\/EZ 0

Wilkinson Power Divider

A
A\

A4

Z
T

Quadrature Hybrid

W—Race Coupler

Figure 1.6 Some microwave passive circuits.

Directional Coupler A directional coupler is a four-port circuit matched at all
ports. The scattering matrix of a symmetrical direction coupler is as

[0 o B O]
0 0
[S]= ]0;3 0 o Jf (1.19)
0 B a 0

where the amplitudes o and B are related as

o’ +p’ =1 (1.20)
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According to (1.18), power supplied to port 1 is coupled to port 3 (the coupled

port) with the coupling factor ‘51 3 ‘2 =B*, while the reminder of the input power is

delivered to port 2 (the through port) with the coefficient ‘slz ‘2 =o’=1-p*>.Inan

ideal directional coupler, no power is delivered to port 4 (the isolated port). The
following relations are generally used to characterize a directional coupler [1]:

P
Coupling =C = lOlogF1 =-20logp dB (1.21a)
3
o A B
Directivity = D =10log—=20log——— dB (1.21b)
£ S14
: R 2
Isolation = 1 :lOlogF:—2010g‘sl4‘ dB (1.21c)

4

Quadrature Hybrid Couplers Hybrid couplers are special cases of direction
couplers, where the coupling factor is 3 dB. A hybrid coupler is shown in Figure
1.6. The qudrature hybrid has a 90 degree phase shift between ports 2 and 3 when
fed at port 1. The scattering matrix for a quadrature coupler is as

01 j 0
1|1 0 0

S1=— 1.22

[]ﬁJO()l (122)
0 j 1 0

Rat-Race Couplers A rat-race coupler, shown in Figure 1.6, has a 180 degree
phase difference between port 2 and 3 when fed at port 4. The scattering matrix of
a rat-race coupler is

0 1 0
[S]=—— Loud (1.23)
211 0 0
0 -1 1 0]

The microwave circuits commonly use the passive circuits including transmission
lines, couplers, lumped elements, and resonators. Table 1.1 shows the different
uses of microwave passive technologies.
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Table 1.1
Passive Circuit Technologies
Application Matching Signal Signal/ Device Impedance Phase
Versus Circuits Filtering Dividing/ Biasing Transformer | Transformer
Devices Combining
Transmission High High High High High High
Lines
Coupled Lines Low Moderate High Low Low High
Yes Moderate Low High Low No
Lumped
Elements (Low (Low
freq.) freq.)
Hybrid No Low High No Low Yes
Couplers
Discontinuities High High Low Yes Low No
Resonators Moderate High No No No No

1.2.3 Fabrication Technologies

Microwave and RF passive and active circuits are realized by use of transmission
lines, microwave passive circuits, and solid state devices. Moreover, the
wireless and microwave systems demand smaller size, lighter weight, and lower
cost. Microwave solid state devices are an integral part of technology
advancement using different fabrication technologies. The modern microwave
circuits are usually fabricated by the use of microwave integrated circuits (MIC)
monolithic hybrid microwave integrated circuits (MHMIC), and monolithic
microwave integrated circuits (MMIC)

1.2.3.1 Microwave Solid State Devices

The microwave solid state devices are generally categorized into two main
groups: microwave diodes and microwave transistors. The microwave diodes have
different applications in microwave systems including detecting, mixing,
switching, and oscillating. A Schottky diode is usually used for mixing and
detection applications, while for attenuation and switching applications, a PIN
diode usually is recommended.

In varactor diode, the nonlinear behavior of the PN junction capacitance is used.
Varactor diodes are commonly used for resonance phase shifting applications. A
Gunn diode is a negative resistance device and its power properties depend on the
behavior of bulk semiconductor rather than junction. The main application of this
device is in designing oscillators.

On the other hand, the microwave transistors are the key devices to realize
microwave active circuits. The various types of transistors that find their use in
microwave applications are bipolar junction transistors (BJT) field effect
transistors (FET), metal-semiconductor field effect transistors (MESFET),
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heterojunction bipolar transistor (HBT), and high electron mobility transistors
(HEMT). Table 1.2 summarizes the different applications of microwave diodes

and transistors.

Table 1.2
Active Device Technologies
Application Signal Signal Frequency Frequency | Modulation | Signal
Versus Ampli- Generation | Multiplication | Conversion | and RF Detection
. Signal
. ication
Devices % Processing
Transistors High Moderate Moderate High Low Low
Schottky Diodes No No Low Low Low High
Varactor No Moderate Moderate No High No
Diodes
PIN Diodes No No No No High No
SRD Diodes No No High No No No
IMMPATT and No High No No No No
GUNN Diodes -
(millimeter
wave)

1.2.3.2 MIC Technology

In this technology, the discrete solid-state devices and passive components are
mounted on a dielectric substrate. Then, they are connected to the passive circuits
using transmission lines on the same substrate. The matching circuits are generally
realized using distributed design. The substrate is commonly selected from plastic
lossless materials such as RT-Duroid. The circuit size is large in this technology,
but it is realized in low cost. This technology is useful to implement the circuits
with operating frequency less than 20 GHz. A power amplifier, which is realized
in MIC technology, is shown in Figure 1.7.
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Figure 1.7 A power amplifier in MIC technology.

1.2.3.3 MHMIC Technology

In MHMIC technology, the substrate is usually alumina due to its high
permittivity (about 10) and very low loss. The chip devices and circuits are used
in this technology and the matching is realized using both distributed and lumped
designs. The circuit size in this technology is small and its cost is moderate. This
technology can be used to realize microwave circuits up to 50 GHz. A typical
circuit fabricated using MHMIC technology is shown in Figure 1.8.

Figure 1.8 A six-port junction with integrated power detectors in MHMIC technology.
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Figure 1.9 A Ku band I-Q vector modulator using CPW transmission line in MMIC.
1.2.3.4 MMIC Technology

In MMIC, by use of silicon, GaAs, or SiGe fabrication processes, the active
devices are fabricated on substrate and passive devices are printed on substrate.
The matching circuits are on-chip lumped or distributed. The circuit size is very
small and the cost for high volume is low. The power handling in this technology
is medium. The technology can efficiently be used in microwave and millimeter-
wave circuits up to 100 GHz. A six-port junction designed with an MMIC
technology and using coplanar waveguide transmission line is shown in Figure
1.9.

1.3 SIX-PORT CIRCUITS

1.3.1 Microwave Network Measurements

The microwave and wireless technology are founded based on microwave
network measurements. A microwave network analyzer consists of a computer
controlled automated measurement setup including a synthesizer source, a test-set,
a receiver, and processing and display units. The network analyzer contains the
required directional couplers and switches to measure one- or two-port networks.
The main block of a vector network analyzer is shown in Figure 1.10. The full [S]
parameters matrix measurement of a two-port requires two different setups [4].
The basic network analyzer has a synthesized RF source with Z; output impedance
(characteristic and line impedance) and three RF input ports.

13
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Processing | Network
i Analyzer
DI lay < Output — Datal
Phase — Lock in — Loop
¢ R
Synthesizer Test | 4 .
Source Set | B Receiver

A A

DUT

Figure 1.10 Block diagram of a vector network analyzer.

From these three ports, port R (reference) is used to measure the incident voltage
of the applied RF signal, and the other two measure incident and reflected waves.
The reflection in port 1, s11, and the forward scattering parameters of a two-port,
s21, are determined by using the setup of Figure 1.11(a).The direction couplers
have Z, characteristic impedances. Accordingly, they present Z, terminations to
the two-port that includes the device under test (DUT). The reflection in port 1 is
computed from the complex ratio of b, /a,. The forward transmission from the

source to the load is computed using b, / a, .

The reflection in port 2, s22, and the reverse transmission parameter, s12, are
measured using Figure 1.11(b). In this setup the signal is applied to the output port
while terminating the input port of the DUT with Z; through coupler 1. The
reflection of the output port is obtained by the ratio of b,/a,. The reverse

transmission is computed from b, /a,. The computerized storage and use of

calibration data permit one to realize accurate and de-embedded measurements up
to the device access ports.

A key element in the implementation of vector network analyzer (VNA) is a
detection system that provides both amplitude and phase responses. The detection
section is conventionally realized using heterodyne architecture involving multiple
frequency conversion and the associated local oscillators. These components make
the measurement system relatively complex and costly. However, a heterodyne
VNA generally provides a better dynamic range compared to a homodyne VNA
six-port network analyzer, which is described in Chapter 5. The source-pull and
load-pull measurement techniques using six-port VNA are discussed in Chapter 6.
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Figure 1.11 (a) The forward scattering parameters measurement using a network analyzer

s, =b/ a1| ands, =b/ a1| . (b) The reverse scattering parameters measurement using a
0 0

a,= a,=

network analyzer s,, =b, / a2| ,ands, =b,/ a2| .

a= =0

The six-port technique, on the other hand, provides a low-cost measurement of
both amplitude and phase by the use of additional detectors. Moreover, the six-
port, in addition to network parameters, has potential to perform power
measurements. The name six-port is originally extracted from the associated
network where four of the ports are terminated by these power detectors, while the
remaining two ports provide a connection to the signal source and testport [5].

By use of the six-port, it is possible to make simultaneous power flow and
impedance measurements using only amplitude measurements while no phase
measurements are required. The use of one or two six-ports in conjunction with
an appropriate test-set and calibration procedure can lead to the determination of
the four scattering parameters of any two-port DUT [6]. The general block
diagram of an automated network analyzer is shown in Figure 1.12.
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Figure 1.12 A six-port automated network analyzer.

1.3.2 Wireless Applications

There is an increasing demand to have the lower complexity and less power
consumption in the design of the wireless terminals. Further, wideband, compact
size, and low-cost digital transceivers are required to expand the mobile and
wireless communications. Recently, some direct-conversion transceivers based on
six-port technology were proposed and studied [7, 8]. Using a six-port homodyne
technique is interesting due to the use of power detectors instead of mixers, which
provided simpler circuits in comparison to six-port heterodyne technique. The
advantages of such an approach are manifold. First of all, the broadband
specifications can be easily obtained by passive elements. Moreover, they have
very low power consumption. In addition, six-port homodyne hardware
architecture is proposed as a means to avoid more costly transceivers [9]. The
block diagram of a six-port receiver is shown in Figure 1.13.
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Figure 1.13 Direct conversion receiver based on six-port.

The main advantage of the six-port is the extremely large frequency bandwidth
of the RF circuit. The other advantage of the six-port system is similar to that of
the zero-intermediate frequency (IF) mixer based receiver (i.e., one local oscillator
and no image rejection filter). The six-port transceiver architectures introduce
various applications including software defined radio (SDR), ultra wideband
system (UWB), and millimeter-wave [10-12].

Six-port has attracted much attention as a low-cost transceiver in new wireless
standards. Recently, a six-port transceiver was implemented using CMOS
technology in 60 GHz [13]. The target is to provide a very low-cost, miniaturized,
and low DC power consumption transceiver for IEEE 802.15 applications. It is
shown that the total DC power consumption of the transceiver is less than 100
mW. The wireless applications of six-port technology are extensively discussed
in Chapter 7.

1.3.3 Microwave Applications

The six-port technique has great potential in microwave applications where
measuring the phase and amplitude of a microwave signal is required. A common
application is the reflectometer where the reflection coefficient of device under
test (DUT) i1s measured [5]. The directional finding of the received waveform is
the other application where a six-port may be used as a wave correlated [14].

The six-port application in radar is shown in Figure 1.14. This technology has
attracted attention to realize low-cost and high performance radar, especially in
the automobile industry [15]. Moreover, antenna measurement, including the
near-field and polarization measurement, can be achieved using six-port
technology.

17
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Figure 1.14 Block diagram of a six-port radar system.

The material characterization, especially in high power applications, is a very

interesting use of this technology [16]. Moreover, there are recently some
applications to use the six-port architecture in optical systems [17]. The
microwave applications of six-port systems are presented in Chapter 8.

[6]

[7]

[10]
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Chapter 2

Six-Port Fundamentals

The basic work related to the six-port technique was carried out in the 1970s
primarily by Engen and Hoer [1-4]. Since that time, many researchers have been
involved in six-port measurement techniques from the theoretical side as well as
the experimental side [5-14]. The main advantage of this technique is its
capability to make impedance measurement and network analysis using only
scalar measurements such as power or voltage measurement. No phase
measurements are required; hence, no frequency downconversion is needed for
the measurements. This simplifies a lot the hardware requirements and reduces
the cost of the equipment. In addition, the six-port technique can be used to make
multiport measurements and can also be used for power measurements. In this
chapter, the fundamentals of the six-port technique and the analysis and the
modeling of the six-port reflectometer are presented. Some practical
considerations are also discussed.

2.1 ANALYSIS OF SIX-PORT REFLECTOMETERS

A six-port reflectometer 1s generally composed of an arbitrary, time-stationary,
linear, and passive microwave six-port junction, where four ports are fitted with
power detectors, D3, D4, D5 and D6, with port 1 connected to a microwave
source and port 2 to the device under test (DUT), as shown in Figure 2.1. a; and

b.,1=1,2, .., and 6, are the incident and reflected normalized voltages at the
sixth terminal of the six-port junction. The aq;and b, are related through the
scattering parameters of the six-port junction as follows:

b =Sa 2.1)
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where S is a (6x6) complex matrix, b = (bl,b2 ,...,bé) and a= (a1 ,az,...,aé) . Let’s

designate the reflection coefficient of the power detector D; by I'; | such as:

Ze o~ Six-port Junction |~ . DUT
b, \ b,
i j | |

Figure 2.1 A six-port reflectometer.

r =2
bi

,i=3,4,5,and 6 (2.2)

by substituting (2.2) into (2.1) and after algebraic manipulations, one can obtain

b St Spp 5315 i1y S;5T's Si6 1 a
b, $51 S» Sy 15 Sl Sys I's S5 L' a,
0] [Ss1 Sy (533 Iy— 1) S S35 1's S36 1 b
0 - Sy Sa S43 F3 (544 r4 - 1) S4s r5 S46 Fé b4
0 851 S5 s3T5 S Iy (555 I - 1) Ss6 16 b
0] [Se S Se3 I3 Sea L'y Ses s (566 I'g— 1)_ | b | 2.3)

the solution of the last matrix equation given the following:

a, =m;,b, +m,b, (2.4a)
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a, = mZIbl + mzzbz (2.4b)
and
b =m,b +m,b,,i=3,4,5,and 6 (2.5)

where m j are the entries of the inverse of the (6x6) matrix introduced in (2.3).

The reflection coefficient of the DUT connected to port 2 of the six-port junction
1s:

% (2.6)

r=-2
bZ

By substituting (2.6) into (2.5) and by using (2.4), one can obtain

k. )
bi:hi(l“+h—’jb2:hi(l“—ql.)bz,z=3,4, 5,and 6 (2.7)
where
m, m,,m,, k.
h=—L,k=m,——2"1, and g, =—— (2.8)
m m h

21 i

The net absorbed power by the power detector D; can be calculated as follows:

Vi (‘bi‘z _‘ai‘z)

=, (1= )i Ir=a ] = o} 0 =g o, 2.9)

1

P

where v, is a scalar parameter that characterizes the detector and

o, =[] v, (1=[1[ ) with =3, 4,5, and 6 (2.10)

Equation (2.9) is a quadratic equation that relates each power reading to the
reflection coefficient I" of the DUT. This equation constitutes the starting point of
any calibration technique. It is important to remember that this equation is
obtained for a time-stationary, passive, and linear six-port junction and no
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constraints are stated for the generator’s internal impedance and the input
impedance of the power detectors.

In the case where the power detectors are perfectly matched to the output ports of
the six-port junction (I', =0), ¢, point values can be directly calculated using the

S parameters of the six-port junction. In such situations, one can write:
b, = 5,4, + 5,4, (2.11)
and

b =s,a,+s,a,; 1=3,4,5,and 6 (2.12)
Knowing that @, =I'b, and eliminating @, from (2.12) by using (2.11), and after
identification with (2.7), one can deduce that

N

]’l': i2

1

S 85,8 A

21 and g =—4—— (2.13)
Syy Sy — 8,08

21
S

21 22901 ~ 92”21

2.2 LINEAR MODEL

Equation (2.9) can be expanded in a linear manner and grouped in matrix format
as follows:

_ 2 2 2 2 * 2 - -
o %‘ O3 —039; —0;4; 1
2 2 2 2 * 2 2
2 a4“]4‘ Oy 0,9, —0,9, ‘F‘

=, (2.14)

la”
I
gvANa v IFa vl

1 1 0 0 0 ]| 1
2 2
01 0 0
r=| I |- I (2.15)
ReM)| [0 0 1/2 1/2|T
_Im(F)_ _0 0 —j/2 j/2__r*_
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By introducing (2.15) into (2.14), one can obtain the following equation [5]:

ol q3‘2 ol —20c§Re(q3) —2a3Im(qg,)
oslg ‘2 o; —20;Re(q,) —203Im(q,)
P=|p,| a;‘ . _2;‘ o UE=pcr @16)
: 615‘ o azRe(q;) —2azIm(qg;)
o) ‘qé ‘2 o) —ZaéRe(%) —2a..Im(q,)

Where pZ‘bz‘z and C is a (4x4) real matrix which characterize the six-port

reflectometer.
Using (2.16), one can easily deduce that

C‘IE:lXB (2.17)

r--
p p

The ¢, point values can be directly calculated using the entries of matrix C as

follows:

(2.18)

We can assume that the six-port junction has ¢, point position values in such a

way that the determinant of C is not equal to zero. Therefore, the real and
imaginary parts of the complex reflection coefficient can be deduced as follows:

Re(I')=L4— (2.19a)

Im(T)=4—— (2.19b)
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where x j are the entries of the matrix X. Equation (2.19) automatically accounts

for the fact that the measurement of the reflection coefficient of a linear DUT 1is
power independent. The power flow exciting the DUT is:

4
p=>.x,P,, (2.20)
J=1

The normalization of all entries of matrix X by X, does not affect the above

formalism; thus, (2.17) is still valid for the calculation of I'. In the above
formalism, eleven linearly independent real parameters are sufficient to model the
six-port reflectometer. These parameters have to be determined in advance using
an appropriate calibration technique.

2.3 QUADRATIC MODEL

It was shown for an arbitrary six-port reflectometer so that the power readings at
the four detection ports of the six-port junction are:

P=o|T—q[|b,[,i=3,4,5and 6 (2.21)

By normalizing P4, P5 and Pg by P3 one can obtain three power independent
equations

,i=4,5 and 6 (2.22)

where

w =2 (2.23)

From (2.22), it can be deduced that 11 real and independent parameters are needed
to completely model the six-port reflectometer. In addition, it can be seen that I
is the solution of a set of three quadratic equations.

Equation (2.22) is a circle equation that can alternatively be written in the
following format [15]:
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R*=r-Q| i=4,5and6 (2.24)
where the center and the radius of the circles in the I' plane are, respectively:
P W
. 2 qi
0 - % (2.25)
b K
2 2
\q3\ “13‘
2
|- L ql-Hé
P 4 (2.25b)

i 2
( l"liz b J
“]3‘2 ‘%‘2

Figure 2.2 shows a graphical interpretation of the set of (2.22). The reflection
coefficient I' is the intersection of three circles having O, and R, as the centers

and radius, respectively.
From (2.25), one can see that for an arbitrary six-port reflectometer, the three Q.

points that characterize the six-port junction are functions of the power readings in
the I plane. These power readings are directly related to the load connected to the
measuring port (port 2). In other words, they are not only relying on the six-port
junction but also depending on power readings. This makes the solution of the
nonlinear set of equations in (2.24) difficult in practical situations. For this reason,
a bilinear mapping will be applied to (2.24) to eliminate the dependence of the O;
points on the power readings.

27
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Figure 2.2 A graphical solution of the six-port state equations in the " plane.

2.4 SIX- TO FOUR-PORT REDUCTION

It was mentioned earlier that the direct calculation of I' using (2.24) is difficult
due to the dependence of the Q, points on the power readings and consequently on
the reflection coefficient of the DUT connected to port 2 of the six-port junction.
To avoid this cross-dependence on power reading, a mapping of the state (2.22)
using a bilinear transformation is required. This will transform the actual six-port
reflectometer model to a more convenient and easily calibrated system
constituted by an ideal reflectometer followed by a two-port network, called the
error box network. Consequently, the measurements and the calibration
procedures will be subdivided into different steps: the calibration step and the
error-box procedure. Equation (2.22) can be rewritten in the following manner:

2

p =l =|“LT4] =45 and 6 (2.26)
c,I'+1
where d. :—&,e _ 4k ,and ¢ _—L.
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Using (2.26), one can deduce the reflection coefficient I' as of function w; as
follows:

r=_%"% _ &=W _ &%~ W (2.27)
ew,—d, cw,—d, cw,—d,
Using (2.27), one can derive that
= Ged de, —de (2.28)
ecy—d; 1 eci—d,

withi=4,5,and 6;j=4, 5, and 6 with i #].
Using (2.28) to calculate W, and w, as functions of W, and after the
substitution of their corresponding expressions (2.26), one can obtain

2
Py =|w,| (2.29a)
_ ! . (2.29b)
Ps = z‘% - m‘ :
and
1 2
D = _2‘W4 — n‘ (2290)
A()
where
4 =|%G9T N ang 4 - |4STds (2.30a)
€5Cy — ds €C3 — de
and
m = || o = 458~ s (2.:30b)
e5¢; — d

and
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n =i = 26— 4k (2.300)
€sCy —dg
Equation (2.29) shows that the expressions of the Q. points, o, m, and n in the W,

plane are power independent and rely only on the six-port junction. This is
opposite of the expressions of Q. points in the I plan; see (2.25).

Equation (2.29) is circle’s equations. The intersection of these three circles in the
W, plane provides the solution shown in Figure 2.3.

w 4 Plane

Figure 2.3 A graphical solution of the six-port state equations in the Wy plane.

Equation (2.29) can be expanded in a linear manner and grouped in a matrix
format as follows:

2

P O 1Tt o o7w
Alps |= ‘m‘z + 1 —-m —-m"|| w, (2.31)

2 2
Af s ‘ n‘ -n  -n w,
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After several matrix manipulations and one matrix inversion, one can obtain an
explicit expression to calculate W, as function of the three normalized power

readings and the six-port calibration parameters A52 , Aé2 ,mand n Knowing that

Re(w,) :1/2(w4 +w4*) and Im(w,) :‘]'/2(w4 —w4*) , one can deduce [1,15]:

sin @, (p4—A62p6+‘n‘2) sin(pn(p4—A52p5+‘m‘2)
Re(w )= . + :
2‘n‘sm (©,-0,) 2 m‘sm (9, —9,)

(2.32)

4

s @, (po-Aipy+|) coso, (p-Ap,+ml)

Im(W4) 2‘n‘sin @ —¢ ) * 2‘m‘sin (¢, —9,)

(2.33)

The calibration parameters have to be calculated in advance using an appropriate
calibration technique. Chapter 3 is devoted to this matter.

It is important to notice that there are several choices for the definition of the
embedded reflection coefficient w,. These choices depend on the selection of the

normalizing power reading, P, or £, or P, or P,, and on the choice of the

independent embedded reflection coefficient, W, or w or w,.

2.5 ERROR BOX PROCEDURE CALCULATION

An actual reflectometer can be modeled as an ideal reflectometer connected to an
error box network as shown in Figure 2.4. The embedded reflection coefficient,
w , is related to the de-embedded reflection coefficient, I', by

B dl +e
cl'+1

W (2.34)

where d=—(S“S22—S21S12), e=s,, and ¢c=-S,, and d, e, and ¢ are three

complex parameters of the two-port network that models the transition between
the measuring plane of an ideal six-port reflectometer and the measuring plane of

an actual six-port reflectometer as shown in Figure 2.4. s, are the scattering

parameters of the two-port error box network.
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These parameters, d, e, and ¢, have to be known in advance. The use of three
well-known standards, I'},I5, and I';, allows the straightforward calculation of
the three unknown parameters by solving a set of three linear complex equations.

wllc-I''"d—e=w’ and i=1,2,and 3 (2.35)

In practice, the short-open-load technique (SOLT) is often used in case the
measuring plane terminal of the six-port reflectometer is coaxial. The expression
of the de-embedded reflection coefficient I' as a function of the three error box
parameters 1s:

(2.36)

I
I
3
Error Box 4+

|deal
Reflectometer

|

|

| |

| |

| ||
|
|

T

Figure 2.4 Modeling of an actual reflectometer as an ideal reflectometer connected to an error box
network.

2.6 POWER FLOW MEASUREMENTS

The six-port reflectometer has the capability to measure the power absorbed by
any DUT without the need to use an extra power meter and without the need to
insert any coupler between the measuring port and the DUT. Using (2.9) and
(2.26), one can write:

2
ST S T (2.37)

2‘ 3
‘Ca

P = 0‘5 L por _%‘2 ‘bz‘z =
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and
Por =[b,[ ~a,]" = (1—\FDUT\2)V72\2 (2.38)

By substituting the expression of ‘bz ‘2 extracted from (2.37) into (2.38), one can
obtain:

_ ‘63‘2 (1 _‘FDUT‘z )P3

DUT —

2.39
0L§ ‘C3FDUT +1‘2 ( )

The only coefficient left unknown in (2.39) isa; . To determine this coefficient, a
power calibration has to be carried out using a precise power meter. By
connecting a power meter to the measuring port, we can calculate 0c§ as follows

- ‘03‘2(1—‘1“%‘2)}’3

Py |esT g +1

(2.40)

where I',,, and P, are, respectively, the measured reflection coefficient by the
six-port reflectometer and the measured power level at port 3 of the six-port
junction. B, is the power measured by the standard power meter and ¢; = ¢

(this will be proved in Chapter 4) is a complex parameter obtained during the
error-box de-embedding procedure.

2.7 SIX-PORT REFLECTOMETER WITH A REFERENCE PORT

In most practical situations, the six-port junction is designed in such a way that its
third port is isolated from the measuring port(s32 ~ O) and thus does not respond
significantly to the DUT. In such a case the six-port junction comprises a
reference port, P, which monitors the power flow exciting the DUT. In addition,

if the mismatch of the measuring port is not excessive (S22 ~ 0) , the module of ¢,
becomes too large in comparison to I" , Therefore, the set of (2.9) becomes:
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B =allg| |bf (2.41a)

P =a|b| [T —q,| (2.41b)
P =a|p,| [T~ (241c)
P =a|p,| [T g, (2.41d)

The division of (2.41b), (2.41c), and (2.41d) by (2.41a) leads to a similar equation
(2.24). In such a case, the (O, point expressions become independent of the power

and their expressions are the following

0 =q;i=4,5and6 (2.42)

2.8 MEASUREMENT ACCURACY ESTIMATION

It was mentioned that the graphical solution of the state quadrature equations of
the six-port reflectometer is the common intersection of three circles. The centers
of these three circles are primarily determined by the six-port characteristics and
are nominally independent of the reflection coefficient of the DUT. Figure 2.3
shows that the radius of each circle is proportional to the square root of the
normalized power readings p.. In practice, due to measurement errors and

detector noises, the three circles usually do not intersect at a common point. Their
intersection will fall inside a triangle area as shown in Figure 2.5.

Assume that the four real calibration parameters, A, A,,m , and n, are known
after a suitable calibration. Generally speaking, power detectors readings P, P,,
P., and P, are different from their corresponding noiseless values P, , P,, P,,
and P,,. A maximum likelihood estimation of W via a least square procedure can

be used to find a best estimation of the reflection coefficient I .
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Figure 2.5 Confidence area of six-port reflectometer measurements.

If the power detector noise is assumed to be a Gaussian distribution, it can be
shown that the maximum likelihood estimation of A,P,,FP, and P is to

minimize the error function as follows:

F = : B_Bt
i=3 G,’

j (2.43)

where o, is the standard variance of the measured values F, | In order to (2.43)

for b, it is more convenient to substitute £, as a function of B, .
By introducing a new parameter ¢, =P, — P, and using (2.29), it is easy to
obtain :

g, =P —P,|w

‘2

(2.44a)
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2
6. = _Bfw (2.44b)
5 5 A52 :
and
2
P lw,—n
g, =P, ——”‘ /‘1‘2 | (2.44c)
6
The substitution of (2.43) into (2.42) gives:
6 € 2
F= Z Zi (2.45)
i=3 Gi

hence, P, P, ,P, via (2.43).

4275157 6t

The minimizing of F'leads to the knowledge of P,

e

It is important to notice that the selection of the function to be minimized is only
appropriate when the power detector noise is assumed to have a Gaussian
distribution. In case of a strong departure from the Gaussian distribution, the
maximum likelihood estimation will not give acceptable results, and a nonlinear
minimization is required. Statistically based methods to construct estimators and
to compare different six-port junction designs can also be found in the literature
[9, 16].
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Chapter 3

The Design of Six-Port Junctions

The most important characteristic of any microwave six-port reflectometer that
directly influences the functionality of the reflectometer and determines the
measurement accuracy, is the relative positions in the I' plane of the four
complex parameters, g; []1-6]- In most practical cases, the six-port junction

comprises a reference port to monitor the incident power level; in such a case,
only three invariant Q; points remain pertinent in designing six-port junctions.
Various proposed microwave six-port configurations are based on the
interconnection of several four- and/or three-port networks such as hybrid
junctions or power dividers [7-18]- In this chapter, analysis and design
consideration for six-port junctions are discussed and several practical junctions
designed in different transmission technologies are described.

3.1 DESIGN CONSIDERATION FOR SIX-PORT JUNCTIONS

It was mentioned in Chapter 2 that each six-port reflectometer comprises a
microwave source, a six-port junction, and four power detectors. In cases where
the six-port junction incorporates a reference port, the basic relationship that
governs the operation of the reflectometer is as follows:

>,i=4,5,and 6 (3.1)

B eire
pi_P3 “’i‘r q;

where

p, 1s the normalized power reading value, uf and ¢, are the parameters which

characterize the six-port reflectometer and are related to the calibration
parameters, and I is the complex reflection coefficient of the DUT.

39
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The first step to design a six-port junction is to choose the values of ;,Ll.z and the

positions of the ¢, inthe I' plane. It is obvious from the inspection of (3.1) that

ul.z are proportionality factors that determine the power levels at the input of the

power detectors. Usually, these parameters are chosen such that the measured
power levels are within the power dynamic range of power detectors fitted to the
four measuring ports of the six-port junctions. Therefore, the major task in
designing six-port junctions is to select the positions of the ¢, inthe I' plane [1].

Based on symmetric configurations, the optimal position of the g, points of a

preferred six-port junction, which offer uniform measurement accuracy, should be
located at the vertices of an equilateral triangle, having its center at the origin of
the I" plane. In such a case, we obtain:

.| =as| = 4| (3.2)

and the relative phase separations between ¢, are equal to 120°. The only degree
of freedom left is to fix the magnitude of the ¢, points. Since the reflection

coefficient, I', is determined from the intersection of three circles (see Chapter
2), it is evident that an ill-conditioned numerical situation will result when the

centers of these circles become too large (n~m =) or too small (n~m=~0),
or when the ¢, points are collinear (¢, —¢, =0 or ¢, —¢, =mn). In addition,
the selection of ¢ inside the Smith chart will result in a singularity and
measurement problem when I' = ¢g,. Therefore the optimal design of the six-port
junction results in:

q,~1.520, (3.3a)
g;~1.52(0,+120') (3.3b)

and
g, ~1.52(0,-120') (3.3¢)

Where 6, is an arbitrary phase reference value.
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3.2 WAVEGUIDE SIX-PORT JUNCTIONS

The simplest six-port junction to design is to connect three identical probes in an
upside wall of a waveguide section [2]. Each probe is separated from its adjacent
probe by an electrical length equal to L, . A directional coupler to monitor the

power level should be inserted between the source and the input port of the wave-
guide section. The DUT is connected to output port of the waveguide section. The

block diagram of the waveguide six-port junction is shown in Figure 3.1. ¢, and
t, are the coupling and the transmission factors of the lossless input directional
coupler, respectively; ¢, and 7, are the coupling and the transmission factors of
the three waveguide probe directional couplers; and 0, , 0, , and 0, are the phases
associated with the electrical lengths, L_, L,, and L, of the input directional

coupler, the waveguide section between two adjacent probes and the waveguide
section between the third waveguide probe coupler and the measuring reference
plane of the six-port junction.

The following expression, which relates the DUT’s excitation signal, b, , to the

six-port input signal, a,, can be easily obtained:

—j(0.+0,+260, )

b, = altctge (3.4)

The reflected signal by the DUT, aq, , is related to b, by the following equation:
a, = bzr (3.5)

where T is the reflection coefficient of the DUT.
The straightforward analysis of the wave’s propagation of the incident signal

exciting port 1, a,, and the reflected signal by the device under test (DUT), a,,

having a reflection coefficient of I', through the waveguide six-port junction
allows for the calculation of the expressions of the four signals emerging at the
four detection ports of the six-port junction as follows:

p, = Dol gro(020,) (3.6)
tt
c’g
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Tl
V 17 I l T I ﬁf |
i € L i T AI >|< g ii L, N

c c c |

Directionalf"Vy tg l, 8 t g g tg DU
@ Coupler IZH

Figure 3.1 Block diagram of a waveguide six-port junction.

by = e, £F+i5e”(4eg”e’)J o)
tg
—j(8,+ 1 +j(20,+
by =byt,c.e 7(0r+0;) [F+—3e 12, 26’)] (3.8)
tg
and b, = bzcgefj(e’) (F NEEL ] (3.9)
t
g

By identifying (3.8), (3.9), and (3.10) to basic equations of a six-port
reflectometer, (2.7), one can easily deduce that the expression of the three g; as
functions of the characteristic of the components that constitute the six-port
junction:

g = —_51 o 40,420, (3.10a)
tg
qs _ __3le+j(29g+291) (310b)
tg
and
=1 j@e)
qs =—e ! (3 1 OC)
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From (3.10), it is clear that the positions of the g, points in the I" plane will
rotate as the frequency changes, unless 0, is equal to zero, which is difficult to
obtain in practice. In addition to having a phase difference of 21/3 between each
pair of (qi,qj), 0, must be equal to /3, which corresponds to an L, equal

toA, / 6 . In practice, t,=1; in such a case, the ¢, point positions become

q, ~1£(26,-2n/3) (3.11a)
qs ~12(26, +2n/3) (3.11b)

and
q, ~1226, (3.11c)

It is clear from the (3.11) that the g, point positions will rotate as the frequency
changes, and the phase separation of 120° between each pair of ¢, points is
obtained only for one frequency where L, =2, /6. Therefore, this design is

suitable only for narrow frequency band applications.

3.3 FREQUENCY COMPENSATED OPTIMAL SIX-PORT JUNCTIONS

A block diagram of a six-port junction incorporating three four-port directional
couplers Q,,Q, and Q,, two two-way power dividers D, and D,, and seven

delay lines L,.. L, is shown in Figure 3.2. The purpose of the following

7
analytical development is first to determine the values of the coupling factors of
the directional couplers that permit one to obtain an optimal design [3]; and
second, to calculate the electrical lengths of the delay lines that assure a frequency
compensation of the six-port junction. The block diagram of the six-port junction
is shown in Figure 3.2.

The following expression, which relates the DUT’s excitation signal, b,, to the
six-port input signal, a;, can be easily obtained:

b, = ja cle_j(qure])
1

(3.12)

The reflected signal by the DUT, a,, is related to b, by the following equation:
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a, =b,I' (3.13)

where I is the reflection coefficient of the DUT.
The straightforward analysis of the wave’s propagation of the incident signal
exciting port 1, &, and the reflected signal by the device under test (DUT), a,,

having a reflection coefficient of I', through the six-port junction allows the
calculation of the expressions of the four signals emerging at the four detection
ports of the six-port junction as follows:

—Jjbt, —j(e,+0,-
b :ge 7(0,+05-6,) (3.14)

3 Cl\/i

b Jjb,t.c, e—./(29,]+91+92+93+9p){F_ l e—j(—291—92—93—9q+96+97)J (3.15)

) J2 ¢,c

12

b5 = —tlbz e_j(29q+el +92+95+e") (Zzt3e

NG

—j(05+6,+6,-05)

+jc3)

et e—j(—26] —0,-05+0,+0,+6;) (316)
273

|-
e (tzt3e

—j(05+6,+6,-05)

+ je, )
and

b = tb, e—j(29q+91+62+95+9p) jtee
6 263
\2

J(—26,-0,-05+6,+04+6, )

~j(05+6,+6,-05) 4t
3

' ) (3.17)
| potJase

j(05+0,+6, —05) . )
3

Cl (jt203ei.
Where 6, c;, and ¢, , are respectively, the electrical lengths, the coupling factors,
and the transmission factors of the lossless quadrature hybrid directional couplers
(Cl.2 + tl.z = 1). 6, is the electrical lengths of the 3 dB two-way power dividers
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and 6; are the electrical lengths of the lossless transmissions lines connecting the
different components of the six-port junction [4].

] p3 ] pa p5 [J P6
r—— T T T -1
T b3 T b4 b5 T Qs T b6
L4
——————+———
L7 |

eot1 [ Y \4 PD2

L6 L2
— 1 I
al .
—
— 1 -
Input

PDk: Power Divider
Qx: Directional Coupler
Lk: Transmission Line

Figure 3.2 Block diagram of an optimal six-port junction.

By identifying (3.15), (3.16) and (3.17) to the basic equation of a six-port
reflectometer, (2.7), one can easily deduce that the expression of the three g, asa

function of the characteristics of the components which constitute the six-port
junction:

g, = t, efj(726179279376q+66+67) (3.182)
c,c,
et e—_/(—261—62—65+94+66+67)
qs =—— (3.18b)

—j(05+6,+6,-05)

G (t2t3e + jc3)
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and

. -j(-26,-6,-65+6,+6,+6
]2 : ./( 1 ~Y2~YUsTUs T Y 7)
q6

—j(05+0,+0,-65) (3.18¢)
cl(jtzqe e +t3)

From the (3.18), it is clear that the positions of the g; points in the I" plane rotate
as the frequency changes. To make the junction frequency compensated, the two
following equations have to be satisfied:

261+62+63+6q =0,+6, (3.19a)
and
93+64+6q =0 (3.19b)

Substituting (3.19a) and (3.19b) into (3.18), we obtain:

g, =2 (3.202)
CICZ
g. = . (3.20b)
’ G (fz +]c3/l‘3)
and
g, = ! (3.20¢)

¢ (tz _jt3/c3)

To obtain an optimum design, the coupling factors of the directional couplers
must be equal to

¢, =0.45 (6.75dB) (3.21a)

¢, =2/3(1.76dB) (3.21b)
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and
¢, =1/\2(3dB)
In such a case, the ¢; point positions become

q, =1.5420°

q; =1.542120°

and

g, =1.542-120°

47

(3.21¢)

(3.22a)

(3.22b)

(3.22¢)

It is clear, from (3.22) that the magnitude of the ¢; points can be adjusted by fixing

the value of ¢, . The values of p, can be calculated as follows:

| =229 < 0.47
tl

‘us‘ =¢ ‘tzt3 +jc3‘ ~ 0.47

‘u6‘ =c ‘t3 +jtzc3‘ ~0.47

(3.232)

(3.23b)

(3.23¢)

The equality of the three values of p’ ~0.22 shows the advantage of frequency

compensated six-port junction in minimizing the requirement of the dynamic
range of the four power detectors. In such a case, the same quality power
detectors, having a 50 dB dynamic range, can be sufficient for power reading

purposes.

In case of frequency compensation of the six-port junction, only a slightly
residual displacement of the ¢; points in the " plane will result due to the non-
ideal behaviors (mismatches, phase and amplitude variations, etc.) of the
directional couplers and the power dividers over their operational frequency

bandwidths [5,6].
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Figure 3.3 An optimal six-port junction in microstrip lines using Lange couplers and Wilkinson
power dividers.

Pg Ps Py P3

variable R

P

Figure 3.4 An optimal six-port junction in stripline using broadside multisection directional couplers
and Wilkinson power dividers.
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An optimal six-port junction in microstrip technology has been designed using
Lange couplers and Wilkinson power dividers and reported in [8]. The layout of a
six-port junction in microstrip is shown in Figure 3.3.

A wideband optimal six-port junction in stripline technology has been designed
using broadside multisections directional couplers and stripline Wilkinson power
dividers and reported in [19]. The layout of the six-port junction is shown in
Figure 3.4.

3.4 FREQUENCY COMPENSATED QUASI-OPTIMAL SIX-PORT
JUNCTIONS

It has been shown that an optimal six-port junction cannot be realized using only
standard 3 dB hybrids and/or power dividers. A quasi-optimal design, shown in
Figure 3.5, can be realized using 3 dB quadrature hybrid junctions and 3 dB power
dividers. The relative positions of the ¢; in the I" plane are shown in the
following:

g, =120, (3.242)
gs =~2£(0, +135") (3.24b)
g, =2£(06, —135) (3.24c¢)

where 0 is an arbitrary phase reference value.

A block diagram of a quasi-optimal six-port junction incorporating four-port 3 dB
directional couplers Q,,0,,0, , and 0,, a two-way power divider D, , and seven

delay lines L;,... L, are shown in Figure 3.5. By repeating the same algebraic

developments as for the frequency compensated optimum six-port junction, one
can find the values of g, point positions in the I" plane as shown here:

—j(=20,+0,+0,-0,+0,-0, )

q, = je (3.25a)

—j(=20,+0,+0,-0,+0,-0, ) ( .

gs = je e st (3.25b)

49
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and

q4e = —J€

. —j(-26,+0,+0,-0,+6,-0,) (

j_’_e*j(es*eferes)) (325C)

For the frequency compensated six-port junction, the electrical lengths L. of the
delay lines must satisfy the following equations:

0,+6,+26,=0,+6,+0, (3.26a)

0,+0,=0,+0, (3.26b)
In such a case, the g, point positions in the I" plane become frequency invariant.

g, =1290° (3.27a)

g =~22-135 (3.27b)
and

g, =N2£-45 (3.27¢)
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10 dB
Directional b2 I
Inout Coupler L1 DUT
a2 |
ML
» P3
= L H
Q2
L4 L7
] H ] 3 P4
] Dlﬁ P5
PD L6
L3 Q4
D‘T‘
A Q3

PD: Power Divider

Qk: 3 dB Hybrid Coupler
Pk: Power Detectors

A: 3 dB Attenuator

ML: Matched Load

Figure 3.5 Block diagram of a quasi-optimal six-port junction.

By adding a 3 dB attenuator in the delay line, L4, the g, point positions in the T"

plane are pushed away by a factor of J2 from the center of the Smith chart and
become

g, =~2290° (3.282)
qs =2/-135 (3.28b)
and

q, =2/-45 (3.28¢)
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A frequency compensated quasi-optimal six-port junction designed using branch
line couplers, a Wilkinson power divider, and a 3 dB attenuator has been
manufactured in Miniature Hybrid Microwave Integrated Circuit technology
(microstrip on 10 mil Alumina substrate). The layout of the six-port junction is
shown in Figure 3.6 and the details are reported in [20].

A second frequency compensated coplanar waveguide quasi-optimal six-port
junction, which incorporates four branch line couplers, a Wilkinson power
divider, and a 3 dB attenuator, has been designed and manufactured in Monolithic
Microwave Integrated Circuit technology on 500 um GAs substrate. The four
power detectors are integrated in the six-port junction. The dimension of the

junction is 3x3.5 mm?2. The layout of the six-port junction is shown in Figure 3.7
and the details are reported in [21].

Figure 3.6 Quasi-optimal six-port junction designed in MHMIC technology using couplers and a
multisection Wilkinson power divider. (© 1993 Wiley [20].)
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Figure 3.7 Six-port in MMIC technology. (© 1995 IEEE [21].)

3.5 A SIX-PORT JUNCTION BASED ON A SYMMETRICAL
FIVE-PORT RING JUNCTION

The symmetrical lossless five-port ring junction can be used as the main
component to design an optimal six-port junction. This junction incorporates a
directional coupler to monitor the power level and the five-port symmetrical ring
junction as shown in Figure 3.8.

The properties of the linear scattering matrix of the symmetrical five-port
junction lead to the determination of the scattering parameters of the junction.
The reciprocity condition provides:

5. =S5, (3.29)

withi=1,2,3,4,and 5, j=1, 2, 3,4, and 5, and i#j. The symmetrical condition
of the five-port ring junction which has a sequential numbering of its port
provides:

53
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¥

SYMMETRICAL FIVEA
PORTJUNCTION

(b)

Figure 3.8 (a) Schematic of a symmetrical five-port ring junction. (b) A schematic of a symmetrical
five-port ring based six-port junction.
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S| =8y =833 =8, =855 =0 (3.30a)
Sip = Si5 = Sy =83, =S5 =P (3.30b)
Si3 = Siy = Sy = Sy =835 =0 (3.30c)

From (3.30) one can conclude that only three independent s parameters are
sufficient to form the S matrix:

‘o B & & B
B a B o o
S=|5 B o B 5 (3.31)
d 6 B a B
B 6 6 B o
For a lossless junction, one can write that
o+ 218" +2[8" =1 (3.32)

The unitary condition of S matrix provides

af +Bo + 8B +pS +[3[ =0
ad’ +8a’ +8p" +BS" +[p" =0 (333)
ad’ +B5" +3p" +d0 +[p[ =0
af’ +B3° +3p° +Ba” +[3 =0

For a matched five-port ring junction (a = 0), using (3.32) and (3.33) leads to

5" +BS" +[8 =0
5" +B3" +[p[ =0 (3.34)
20p)" +2J" =1
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The above set of equations gives:
18| =15| = 0.5 (3.35)

By assuming that B is real and by substituting the value of B in one of the two
first equations, one can easily deduce that:

0=0.52£+120° (3.36)
Finally, the S matrix of a six-port junction comprising a symmetrical and matched

five-port ring junction and an ideal directional coupler connected to port 1 of the
five-port junction as shown in Figure 3.8 is as follows:

[0 5 je B t§ tp]

5 0 0 B B &
g _|Jc 0 0 0 00 (3.37)
PR B 0O 0 5 S

5 B 0 & 0 B

B 5 0 5 B 0]

Using (1.13), one can deduce the positions of the three ¢, points in the complex
plane using the S parameters of the six-port junction:

g, =—H— = B 560 (3.382)
-8, 8, —1Of
qs = 51 _ 15 =2/180° (3.38b)
—8,,85, td
and
go=—u P _5, 60 (3.38¢)
551862

These values were calculated using 6 = 0.52120° . The analytical development to
obtain the above design specifications can be found in [10]. An optimal L-band
microstrip line six-port junction designed on a 10 mil Alumina substrate, shown in
Figure 3.9, is reported in [22]. It incorporates a 10 dB edge-line coupler and the
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symmetrical five-port ring. The interconnection lines were made using 50

microstrip lines. The junction is fitted in 3.5%3.2 cm?.
A six-port junction was designed using Agilent ADS software. This six-port
junction was fabricated and tested. The actual ¢, point positions in the I" over 1-

2 GHz frequency band are deduced first using the simulated S parameters and
(2.13), second, using the measured S parameters, and finally using the calibration
parameters of the six-port reflectometer, obtained after its calibration using the
six- to four-port reduction technique, in conjunction with (3.36). A good
agreement was obtained between the three sets of results.

The accuracy of the reflectometer was checked by measuring the reflection
coefficient of a short-circuited 6 dB attenuator standard measured at the Canadian
Bureau of Standards. It was found that the measurement errors are within £ 0.05
for the amplitude of I"and * 1° for the phase of I" over the operational frequency
band 1-2.5 GHz.

Portd
50 Ohms
resistance
Port2
Port3
Port5

Portl Porté

Figure 3.9 A symmetrical five-port ring based six-port junction in microstrip technology. (© 1994
Microwave & RF [22].)
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3.6 HIGH POWER SIX-PORT JUNCTION IN HYBRID WAVEGUIDE/

STRIPLINE TECHNOLOGY

A high power six-port junction in hybrid waveguide stripline technology, using a
stripline waveguide directional coupler and a nonsymmetrical stripline five-port
ring junction, was designed and manufactured and tested at 2.45 GHz (ISM
frequency). This junction is capable of handling power as much as the waveguide

portion of the junction could handle. It is expected that this design could handle
up to several kilowatts of power; the details of the design can be found in [23].

The block diagram is shown in Figure 3.10.

Controller

Circulator

Power Meter

Figure 3.10 A high power six-port junction comprising a nonsymmetrical five-port ring junction in

Signal Generator

microstrip technology and hybrid stripline-waveguide directional coupler. (© 1994 IEEE [23].)
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3.7 WORST-CASE ERROR ESTIMATION

It was shown in Chapter 2 that the six-port reflectometer can be linearly modeled
by a 4x4 real matrix and the basic relation that governs its operation in (2.17) is
repeated hereafter:

P =pCL (3.39)

Also, it was shown that the calculation of the real and imaginary parts of the
reflection coefficient can be realized by means of (2.19) repeated hereafter

4

31 1+2 z 41 1+2

and _

= (3.40)
-

X .1'P.1'+2 z 1j 1+2
j=

M& -

1

~.
Il

In Chapter 2, it was shown that the ¢, values of the six-port junction are related to

the entries of matrix C by means of (2.18).
For a six-port junction that incorporates a reference port (port 3) to monitor the

power level and which is completely isolated from the measuring port (S32 = 0) ,

and if the measuring port mismatch is not excessive (S22 = 0) , the module of ¢,
becomes too large and the six-port junction is almost completely defined by the
position of the three remaining ¢,, g5, and ¢, . In such a case, the first row

elements of C can be approximated by ¢, =1 and ¢, =¢,; =¢, =0.

Figure 3.11 shows a geometrical representation of the different parameters
involved in the worst case error estimation. Using some geometrical
manipulations, it is simple to show that the expression of the relative error in
amplitude measurements and the absolute error in phase measurements, in the
worst-case situation, can be calculated using the absolute errors of the real and

imaginary parts, AR and Al of the reflection coefficient I' =|I'| Lo = R+ jI , as
follows:

Al fInl-Ir] -
1ol RN

(3.41a)

0,) (3.41b)

A(p:max( Ll
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|
R(T')

Figure 3.11 Geometrical representation of the different parameters involved in the worst-case error
estimation.

where

[(AR)Z +(AI)2}2 Sin(gﬂp_ﬁj (3.42b)

0, =sin’ |[(AR)2 " (M)Q}2 Sjn(g+(P— Bj (3.42a)

= (‘F‘ COsQ+A R)2 + (‘F‘ sinQ+A 1)2 (3.42¢)

F}"




and
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2

r, (‘F‘COS([H‘A R)2 +(‘F‘sinq)—AI)2

I, ? = (‘F‘coscp—AR)2 +(‘F‘sin(p+AI)2

‘Fb‘z = (‘F‘ COSQ — AR)2 + (‘F‘ sin(p—AI)2

(AR
B=tan [EJ
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(3.42d)

(3.42¢)

(3.42f)

(3.42¢g)

Using (3.41), we can deduce the expression of the absolute errors of the real and
imaginary parts of I as a function of the parameters of the six-port junction and
the relative errors in the power readings as follows:

and

where

AR=iociP

i
i=3

R
oP

1

AI=ZG:O(,.B

4
z (x3,i—2'xlj Xy 0K ) Pj+2
oR I

5P,. 4 2
Z %P s
=1

(3.432)

(3.43b)

(3.44a)
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4
o1 B ; <x4,i—2x1_/ XXy )P_/+2 (3.44b)

oP 2

4
Z X Ps
=l

and

o =28 i23.4.5 and 6 (3.44¢)

r

To estimate the worst-case error in reflection coefficient measurements for a given
six-port junction, it is sufficient to know the values of the ¢, positions and the

relative errors of the power detectors. The above formulation can be used to
compare different six-port junction configurations, such as Engen’s design or
quasi-optimal design or other designs. A comparative study of some proposed
six-port junction designs has been carried out in [24]. Constant contour plots, for
amplitude and phase measurements, in the worst-case situation, have been
obtained over the entire Smith chart and for different precision of power sensors.
It was found that a dynamic range of 60 dB can be reached with a power sensor
having a precision of 0.1%.
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Chapter 4

Calibration Techniques

In Chapter 2, the fundamentals of the six-port techniques have been presented and
it has been shown that a calibration procedure to determine the parameters of the
model of the six-port reflectometer is needed. Different methods have been
proposed in the literature [1-14]. The number of known standards and the
computation effort required are the most important parameters in selecting a
calibration technique. Two categories of methods can be defined. The first
category uses a linear formalism to solve for the calibration parameters, and the
second category uses nonlinear formalism in conjunction with iterative numerical
techniques to solve for the calibration parameters. In this chapter we will present
five different calibration techniques as well as a calibration technique to increase
the dynamic range of the six-port reflectometer. A calibration technique using
active loads will be also presented.

4.1 CALIBRATION METHOD USING SEVEN STANDARDS

It was shown in Chapter 2 that the three normalized power readings are related to
reflection coefficient of a DUT, I', as follows:

2

dl+e| ;4 5 and6 4.1)

c,I'+1

pi =

By designating I'=x+jy, ¢;=c,+jc,, d;=d, + jd

after algebraic manipulations, (4.1) can be written as follows:

. o ande =e_ + Jje, s and

)2 (1 +‘c3‘2 (x2 +y2)+ 2(cx3x—cy3y)) =

‘d[‘z (x2 +y2)+‘e,.‘2 +2(nx+K,y)

,i=4,5 and 6 (4.2)
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wheren, =d e, +d e, and «, =d.e —d .. The connection of a well-
known standard having a reflection coefficient, I', , to the measuring port of the
six-port reflectometer gives

1+‘c3‘2 (x,f +y,f)+2(cx3xk —cy3yk):%[‘di‘2 (xlf +y,f)+‘ei‘2 +2(nixk +Kiyk)}

ik

for i=4,5,and 6 (4.3)

As we have mentioned before, the determination of the relative values of the
calibration parameters is sufficient because the formalism that relates the
reflection coefficient, I', to the calibration parameters is power independent; thus,

one can deliberately set the value of the amplitude of ¢3 to unity ( ‘03‘ =1).

It is important to notice that for a given standard k, (4.3) provides only two
independent equations, because the left-hand side of (4.3) is the same for the three

equations. Therefore, seven standards are required to solve for the 14 real linearly
2

. N . 2
independent calibration parameters‘di €|, Cu, Cp3, 7,5 and K.

Alternatively, one can solve the set of 14 equations, obtained using (4.3) and
seven standards, as a nonlinear set of 14 equations comprising fourteen
independent unknowns c_,,c ,,d_,d ., e_, and e,; =45, and 6. Writing (4.2)

X323 xi > yi > Y xi 0
for i and j with i#j and subtracting these equations, one can easily deduce that

,  ep; tNp;X+Kp;y

24yt = (4.4)
X +y “dp,
2 2 2 2
Where epi.:ﬁ—‘ej‘ , dpi.:ﬁ—m, np; =2 m—m , and
" pp " p D pp
2 2
Kp, =2 ‘Ki‘ ‘ j‘ for i=4,5,and 6; j=4,5,and 6andi #;.
' VZ p;

Equation (4.4) leads to a set of two linear and independent equations in x and y

dp. (ep45 TNPysX + Kp45y) = dp,; (ep46 TNPyX + Kp46)’) (4.5)
dps, (ep45 TNpusx+ 1<p45y) = dp,s (ep56 T NP5 X + K1056y)



Calibration Techniques 67

The calculation of the real and imaginary parts of the reflection coefficient I of
any DUT connected to the measuring port uses the three relative power readings
and the calibration parameters as follows:

{(ep45dp56 — ePsspss ) (KDssdPas — KPasdps, —}
(€P4sdpss — epssdpas ) (Kpssdps, —Kp4sdps

{(np%dms —MP,sdps;
(NP6 dPss —MPsdPs

(4.62)

)
)
(KP36APas — KPasps; ) —}
(kPsepss — KPasdpss )

)
)
and

} (4.6b)

(npsedp45 —NPysdPss (ep46dp56 — KPsedPys
y= (ep45dp56 - ep56dp45) NPsedP 45 — NP4 dPs6

NPssAP4s —MPasAPs )

NPssP1s — PasAPss )
This method requires a large number of well-known standards. The imprecision
in the knowledge of their reflection coefficients has a direct effect on the accuracy
of the calculation of the calibration parameters, consequently the accuracy of the
reflection coefficient measurements. Therefore, it is more interesting, in practice,
to minimize the number of the known calibration standards required in the
calibration procedure. For this reason a calibration technique that requires only
five standards is reported in the next section.

) _
)
(KP56@Pas = KPugdDs ) -
(KP5dpss — KP4sdDs; )

4.2 LINEAR CALIBRATION USING FIVE STANDARDS

It was shown in Chapter 2 that the six-port reflectometers can be modeled by a
(4%4) real matrix, C, which relates the four power readings to the complex
reflection coefficient I'" as follows:

P=pCL 4.7)

where P =[p,,p,.psope] » D=[1 I Re() m(r)| . and p=[n.[". By

connecting four different standards to the measuring port, one can write in an
explicit manner:
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_p3k W _031 C32 033 034 T 1 W
Dar | _ b Ca Cun Ci3 Cy ‘Fk ‘2 k=1,2,3,and 4 (4.8)
Psi Csi Cs G35 Csy || Re(T))

P (S S Ce Ca || Im(T,) |

By dividing each row of the above matrix equation by the first row one can
obtain:

¢y +en 0| +eRe(T, ) +e,Im(T, )=

| (4.9)

%(631 + e |0, +eyRe(T, )+, Im(T, ))
3k

with j = 4, 5, and 6 designating the power readings and £ = 1, 2, 3, and 4
designating the calibration standards.
The above equations can be written in matrix format as follows

C,=G"'PP;'GC, (4.10)
where gj = [c_/l,c_jz,c_j3c_j4]T
1 N[ Re,) Im())| b, 0 0 0]
a|! IC,[" Re(T,) Im(T,) p_| 0 pp 00
10" Re,) ImT,)| ' [0 0 ps 0
1 Rery may| L0000 P

Using (4.10), it can be easily deduced that

P,'GC, =P,'GC, =P,'GC, =P,'GC, =V, (4.11)

= Lee e ey
exciting the four standards during calibration procedure. Equation (4.11) leads to

T
where V, = [L 1 L,L} is an unknown vector related to the power flow

C = G“P].X0 ,j=3,4,5,and 6 (4.12)

After connecting a fifth standard to the measuring port, one can write
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T
P, =p,CL, =p;[C,.C,.C.C | L (4.13)

Substituting (4.12) in (4.13), one can write

P.=p,[G'PV,.G'P,V,.G'P,V,,G'PV,] I, (4.14)
Rearranging (4.14), one can write
P, =p,| VP,V P, V(P VP |S (4.15)

where §:[G’1 }T J :[a,b,c,d]T 1s a known vector which can be calculated

using the five reflection coefficients of the five calibration standards. Equation
(4.15) can be written in an explicit manner as follows

Pss _p31a Pub  pue pud _ps /Py |
Pss Pya p42b Py€ p44d ps/pz (4.16)
Pss Ps@ Psb puc pyud || ps/ps

Pss] L Pad Peob puc pud | ps/p. ]

The solution of the above matrix equation leads to the calculation of the relative
values of the entries of vectorp,V,. It was mentioned in Chapter 1 that the

formalism to calculate the reflection coefficient is power level independent;
therefore, the proportionality constant p,has no effect on the overall final results

since it is automatically embedded in the calibration parametersc; .

Knowing p,V, and using (4.12), one can deduce all the entries of the calibration
matrix C. The calculation of the reflection coefficient for any DUT is as follows

4 4

Zx3ij+2 Zx4jpj+2
Re(IN)=L——, Im(T)=L—— (4.17)

2% 2%,P

J=1 j=1

where X, are the entries of the inverse of the calibration matrix C. The power
absorbed by the DUT can be calculated as follows:



70 The Six-Port Technique with Microwave and Wireless Applications

4
Poyyr =|b|" (1 —\FDUTV) _ (1 | - )[quPmJ (4.18)
=

4.3 NONLINEAR CALIBRATION USING FOUR STANDARDS

It was shown in Chapter 1 that the calibration matrix of the six-port reflectometers
is the following:

o |gs| o) —203Re(qy) —203Im(g;)

B e R | R
ol qs‘z o; —2a:Re(q;) —2a:lm(g;) |
oarlg|” of —20iRe(g,) —20iIm(g,)]

One can deduce from (4.19) that the elements of each row are related by the
following equation:

. +c —4cjlcj2 =0,7=3,4,5,and 6 (4.20)

i3 ¢4
On the other hand, it was also shown that

C,=H'C, ;j=3,4,5and 6 (4.21)

where H' = GfleP; 'G and G is a known matrix related to the four reflection

coefficients of the four standards and their corresponding power readings. As we
have mentioned before, the knowledge of the relative values of the entries of the
calibration matrix of the six-port reflectometer is sufficient to perform
measurements since the measurement equation is power independent. Therefore,
without any constraint, we can fix ¢, to unity.

The substitution of (4.21) into (4.20) and the writing of results in explicit manner
give

J J a2 J L2 J A2 J J
O +05¢3, +05¢3; +0,C3, +2(053C3,C55 + 63,0305y + (4.22)

J J J J —
034C33C34 T O1pC3 T 013633 + 614034) =0
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where ) = (1)) + (h})" ~4h{h, and ), = hLj, +hihl, — 2, + B,

with j=3,4,5, and 6.

Equation (4.22) is a set of four nonlinear equations comprising three unknowns:

¢y, €, and c,, . In practical situations, the six-port junction incorporates a

32
reference port, port 3, to monitor the power level; hence, the power reading P is

quasi-independent of the DUT. In such a case the entries of the first row can be
approximated byc,, =1, and c,, ®¢c,; ®c;,, *0. These values can be used as

initial guests for the numerical algorithm needed to calculate the actual values of
the three unknowns. The Newton-Raphson technique can be used for this purpose.
Following the calculation of the entries of the first row of the C matrix, the values
of the entries of the remaining rows can be straightforwardly calculated using
(4.10). The calculation of the reflection coefficient of any DUT is then obtained
using (4.17).

All the calibration and measurement methods described above require the use of
well-known standards and relate explicitly in one step the reflection coefficient I"
to the power readings and the calibration parameters. The calibration and
measurement procedures based on the six- to four-port reduction technique and
the concept of de-embedding are more powerful and robust, in practice, since they
require only three well-known standards.

4.4 NONLINEAR CALIBRATION USING THREE STANDARDS

It was mentioned in Chapter 1 that 11 real parameters are sufficient to model the
six-port reflectometer. It also was mentioned that the embedded reflection

coefficient, w,, can be related to the reflection coefficient,I", via the three error

box complex parameters (six real parameters). This is shown in Figure 4.1.
Consequently, the partition of the calibration in two different steps is possible.
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B

Six-Port Reflectometer |

|deal
Reflectometer

Figure 4.1 Modeling of a six-port reflectometer; (a) an actual six-port reflectometer, and (b) an ideal

reflectometer followed by a two-port error box network.

The first step is to find five real parameters that relate the four power readings to
the embedded reflection coefficient, w,, and the second step is to find in the error

box, three complex parameters, ¢, d,ande, which relate, w, to I' via a bilinear

transformation. By defining

Equation (2.29) becomes

(4.24)

(4.25)



Calibration Techniques 73

». :ALSZ‘W_\mHZ (4.26)

gl oo
6

W—‘n‘e (4.27)

We notice that the second Q, point in the W plane becomes real following the

bilinear mapping. The graphical common intersection of these circles in the W
plane gives the de-embedded reflection coefficient W shown in Figure 4.2.
Equations (2.32) and (2.33) give explicit expressions for the calculation w, and

can be used to calculate w providing that we substitute ‘m‘écpm and ‘n‘écpn by
‘m‘40° and ‘n‘é((pn—(pm) in (2.33), respectively. Therefore, the real and

imaginary parts of the embedded reflection coefficient w can be calculated as
follows:

Figure 4.2 Graphical solution in the ¥ plane.
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2 2
Re(w) =2 _A;ZS o (4.28)
(p —~Alp +n2) - —A? 2
Im(w)— 4 el ‘ ‘ +COS ((Pn (Pm)(p4 sPstm ) (4.29)

_ 2lalsin (9. —o.) 2msin (¢, — 9, )

Knowing that p, =‘W‘2 - (Re(w))2 +<Im(w))2 and using (4.28) and (4.29), one

can eliminate w and obtain a nonlinear equation function only of the power
readings and the five calibration parameters as follows:

2
‘n‘z (p4 —/152p5 +m? )2 +m? (p4 —Aézp6 +‘n‘2) —4m? ‘n‘z )22 (1—22) (4.30)

—2m‘n‘(p4—A52p5 +m2)(p4—A62p6 +‘n‘2)z:0

where z = cos ((pn—(pm). Equation (4.30) is the basis of six- to four-port

reduction techniques. At least five different and unknown loads are required to
generate a system of five equations in order to solve for the five calibration

n

parameters A4, Ag,m,|n|, and z.

It is clear from the (4.30) that the solution, m =n =0 is the trivial one to avoid,
since (4.30) will be equal to zero regardless of the values of the normalized power
readings, p,, ps,and p, or the parameters 4, and 4. The calculation of the de-

embedded reflection coefficient w as a function of the power readings and the five
calibration parameters are as follows:

py—Aips+m’
Re(w) =24 ;ms (4.31a)

‘2 z <p4 —A52p5+m2)
1—z2 Z‘n‘ 2m

+1 | Py —A:p6+‘n

(4.31b)

The sign ambiguity can be resolved using a partially known reflection coefficient.
To obtain a good estimation of the embedded reflection coefficient, w, one can
calculate the common intersection of the three radical axes as shown in Figure 4.3.
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Radical center

Figure 4.3 Common intersections of the three straight lines in the ¥ complex plane.

Each straight line passes through the two common intersections of one pair of
circles among the three pairs. This intersection is the radical center, 7, , of the

three circles, and its coordinates are:

2 2 2
Re(r) =0 —tntM (4.32a)

¢ 2m

B w—r +‘n‘2 —2Re(rc)‘n‘\/1—z2

22‘11‘

(4.32b)
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where 7 = p, is the square of the first circle; 7’ = A7 p, is the square of the

second circle, and r’ = 4. p, is the square of the third circle.

In practice, the intersection of the three circles is not a clear point, but a small
curvilinear triangle where the “true” embedded reflection coefficient should fall as
shown in Figure 4.2. Equation (4.32) can be used to calculate an estimate of w.
This estimate can be used as an initial guess for further iterative calculations to
obtain the actual embedded reflection coefficient, w.

For the omn triangle in Figure 4.3, it easy to deduce that:

SR e,
Z = COS — =
(U 2‘nm‘ (4.33)

By substituting (4.33) into (4.30), one can obtain an equivalent equation identical
to the one published in [12, 15, and 16] as follows:

pp; +qAi Pl +rdipi +(r—p—q) A p,ps+(a—p—7r) 4 p,ps
+(p—q-r) A psps+p(P—q-r)p,+q(g—p—r)Aips+ (4:34)
r(r—p—q) 4 ps+pgr=0

=l and r=|n"
By introducing new variables, (4.34) can be linearized as follows [15]:

where p =‘n—m

X, Py X, s + X3P X, Py Ps + X5 Ps Pg + X Ps D (4.35)
+X; P, + X Ps + Xy pg = —1

where
x =1/qr (4.362)
x,=A/pr (4.36b)
x, = A}/ pq (4.36¢)

X, = (r—p—q)AS2 /pqr (4.36d)
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xs=(q—p-r)4; [ pgr (4.36¢)
x,=(p—q—r) 447 | pqr (4.361)
x,=(p—q-r)/qr (4.36¢)
xy=(q—p-r)4;[pr (4.36h)
2
yg = 2P A (4.361)
Pq

In practice, nine or more different and unknown loads are needed to solve a linear
system that can be formed using (4.35). The value obtained can be used to
calculate an initial guess for the nonlinear system to be solved in the least squares
sense as follows [15].

o 2Xs XXy (4.37a)
2X,Xg — X5 X5
g= TN (4.37b)
2x, % — X, X,
o 2x, X, N 2x, —x,Xg ) (4.37¢)

2X,Xg — XX, 2XXg — XX, X,

1

4=l 2x, — X, X, N 2x, — X, X, X 2x,—xx, || (4.37d)
’ ? 2x, Xy — XX, 2x,% —x, %, X )\ 2x,x5 — X%,
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1
4
4 =| x. [ 2X5 — XX, N 2x, —x,Xg +x_7j[ 2x, —x,Xg j (4.37¢)
2x, Xy — XX, 2x,% —x, %, x )\ 2x,% —x,x,

Using (4.24) and knowing from (2.24) and (2.27) that:

and w, =4+ 4 (4.38)

' and c=c, (4.39)

From (4.39) it is clear that the effect of the rotation of plane W, by ¢, to obtain

the W plane is automatically taken into account by the error box calibration
procedure.
Using (2.34), one can easily deduce that

= e—w

4.40
cw—d ( )

The Q. point’s expression in the I' plane can be deduced after performing
calibration and error box measurement and calculations as follows:

e

GQaw =0 > qyr = _E (4.41a)

e—m
sy =M —> (qs;r = (4.41b)

cm—d

and
J(0,~0,)
o Aee) _e—re

Qew = ‘n‘e > YGer = c‘n‘ej(q)"ﬂpm) 4 (4.41¢)

The advantage of the above calibration technique in comparison to other
calibration techniques are: (1) the calibration requires only three well-known
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calibration standards for error box calibration procedure, and (2) the six- to four-
port calibration procedure does not require any well-known calibration standards;
however, it requires at least five unknown and different impedance terminations or
excitation conditions.

In opposition to other calibration techniques, the measuring reference plane can
be changed, for example, by adding a connector or a transition without a need to
recalibrate the six-port reflectometer. Only a new error box calibration is
required. The new error box calibration parameters and the “old” six- to four-port
calibration parameters are needed to calculate the reflection coefficient of any
DUT relative to the new measuring reference plane.

4.5 SELF-CALIBRATION BASED ON ACTIVE LOAD SYNTHESIS

It was mentioned earlier that the exact knowledge of the calibration standards used
in six- to four-port reduction calibration technique is not required [16]. To insure
stability of the numerical solvers, calibration standards with well-spaced reflection
coefficients in the complex plane have to be used. These standards can be actively
synthesized using the widely known active load concept and have been used in
active load-pull systems.

The active load technique can lead, in principle, to the synthesis of any load
(even outside the unit circle) over the Smith chart for calibration purposes [17].
With this method, all operations that are inherent to the reflectometer such as
junction calibration become invisible to the user, leaving only a simple
experimental procedure for error-box measurements [2] to be carried out, as in
standard network analyzers. The block diagram of the system used is shown in
Figure 4.4. It consists of the six-port reflectometer system (six-port junction,
Schottky diode detectors, and CPU) and the controllable vector modulator (or a
phase shifter and an attenuator).

The incoming signal from the source is split into two parts using a two-way
power divider. One of them feeds port 1 of the junction, while the other passes
through the modulator and feeds the measuring reference port 2.
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Ot q
SIX-POI’t } Véctor
o .

Modulator

i

Figure 4.4 Block diagram of a self-calibration system for a six-port reflectometer.

The device used to control attenuation and phase shift in the loop is based on an
in-phase and quadrature (IQ) vector modulator, which is controlled by two
voltages (I and Q) and imposes attenuation and phase shift directly related to these
two voltages. This relationship is theoretically described by the following
equations

L
¢=Kun"3 (4.42)

and

a=K\I'+¢" (4.43)

Where 7 and Q are the two control voltages, ¢ is the phase shift produced, and a

is the attenuation. Thus, if a precise model of this device is available, that is, if the
modulator follows exactly these equations and the constants K and K’ are
perfectly known, only one iteration measurement procedure is necessary to
determine the necessary corrections to the reflection coefficient to bring it to the
desired target. If the model is not precise enough, a few numbers of iterations will
be needed to obtain reasonable precision on the targeted reflection coefficient
[17].

With preliminary calibration data, the three measured power ratios are used to
compute the value of the reflection coefficient seen at the measuring port [18].
After a comparison with the targeted reflection coefficient, appropriate
instructions are sent to the attenuator and phase shifter to correct the coefficient
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and bring it to the desired value. In this way, the system can produce any
reflection coefficient at the measuring port of the junction. Hence, the system is
capable of successively producing the different standards needed in practice for a
six- to four-port reduction technique [19].

The measurements taken after synthesizing each of the calibration loads
constitute new updated calibration data, which can be used to update the previous
calibration parameters. A six- to four-port reduction method cannot replace the
error box procedure, which impacts the precision of the measurements and which
is primordial for determining the reference plane [19]. As mentioned above, there
is a need for a first manual calibration (e.g., [14, 20]), which can be seen as initial
data provided by the system designer or manufacturer. This preliminary data need
not be accurate, as the calibration loads must only be different, regardless of their
absolute precise value. As the system parameters have a small drift in time, due to
the numerous possible alterations to the working environment of the junction
(such as temperature variations, detector aging, and so forth), this calibration data
will grow “old,” but can still be used as initial data for self-calibration, knowing
that, as mentioned above, its absolute precision is not that important. An
interesting property of the setup that can be stated is its ability to synthesize active
loads positioned even outside the unit circle on the Smith chart. Experimentation
shows that the measurement precision is excellent in the regions where the
calibration loads were situated [17].

4.6 DYNAMIC RANGE EXTENSION

To obtain a good accuracy during measurements near the center of the Smith
chart, it is recommended that one use a matched load among the standards
required for the calibration procedure. In practice, the reflection due to the non-
ideal matched load is added to the one due to the connector. This results in an
overall residual error, AI', which 1s added to the intrinsic reflection coefficient,

I'. The measured reflection coefficient I, is the vector addition of both

reflection coefficients shown in Figure 4.5. This results in a finite directivity of
the measurement system, hence, the limitation of the dynamic range of the six-
port reflectometer. The use of a sliding load in opposition to a fixed load can
overcome this difficulty, and the dynamic range of the six-port reflectometer can
be extended.

The basic relationship describing the behavior of the six-port reflectometer was
reported in Chapter 2 as (2.21) and is repeated here
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AI(D)

AI'= Error vector

R(T)

Figure 4.5 Residual reflection’s error effect on the six-port measurement accuracy.

P=a[p,['[T-¢[,i=3,4,54and6 (4.44)

It can be easily shown that the power reading P corresponding to a device under

test having an impedance near the center of the Smith chart (I'~0) can be

approximated with a good accuracy as follows:
P = P/~ P,cos(0, -0, ) (4.45)

where

(4.46a)

P, =2a;|b,| |¢,||T| (4.46b)
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and 0, and 6, are, respectively, the arguments of I and ¢,. From (4.46) one
can deduce that the variation of P, as function of O, is sinusoidal and P’

represents the power that should be detected when an ideal matched load (I" =0)
is connected to the measuring port.
In order to calculate P', three measurements of power readings are required.

These measurements correspond to three different positions of the sliding load
separated by known relative phase shiftsa and B . Considering that the initial
setting of the sliding load corresponds to the phase 0 and the actual power level
readings corresponding to0,a,and B are P, B,, and P,, respectively, are as

follows:
P, = P'-P,cos(0) (4.47a)
P, =P'-Pcos(0+a) (4.47b)
P, = P/~ P,cos(0+p) (4.47¢)

Equation (4.40) forms a set of three equation with three unknowns©, P, and P, .
The analytical solution of this set leads to:

0 = cot™ (Pl3 P)SanH-(Pl] Bz)smﬁ
- (B, = Py)(1-cosa)+(P, — P, )(1—-cosB)

J (4.482)

P'=PF)+— <B3. £ )eos(a+P) (4.48b)
sinBsinfP — cose(l — cosB)

Equation (4.48) gives a close form expression to calculate the four power readings
corresponding to an ideal matched load from the actual nine power readings
corresponding to three positions of the sliding load. This technique has been
experimentally implemented and validated [20]. It was found that the use of a
sliding load in conjunction with the method described in this section enhances the
accuracy of the six-port reflectometer for the measurements near the center of the
Smith chart, hence increasing its dynamic range by at least 10 dB.
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4.7 DIODE LINEARIZATION TECHNIQUE

It has been mentioned that the calibration and measurement calculations are based
on the normalized value of the power readings and not on their absolute values. In
addition, power detectors using bolometers or thermistors are slow; hence, for
many applications they are not acceptable. The use of four Schottky diode
detectors in place of four power detectors presents a cost-effective solution and
offers a good alternative for applications where speed is important. Nevertheless,
Schottky diode detectors do not have a linear voltage-power characteristic P-V
over their whole dynamic range. In most cases, they present a linear characteristic
at low power levels and a square law characteristic at high power levels.
Therefore, an extra numerical correction is needed to take this deviation from the
linear behavior into account. The general relationship between input power and
output voltage of a Schottky diode detector can be expressed as follows:

po CVexp[ﬁ aiVij (4.49)

i=l1

where C and a, are the parameters of the diode’s model, V' is the output
voltage, P is the input power, and N is the order of the polynomial series;
typically N =10 is enough to obtain a good accuracy. The calculation of the
absolute value of P using (4.49) requires the knowledge of C and a,, which
have to be determined in advance using an appropriate calibration technique.

In a six-port measurement technique, only normalized power readings are

required for the calibration and measurement calculations.
For each detector, k&, one can write:

N
P, = Ckaexp(Z ak[.Vk'ij (4.50a)

i=1

with
' Vk

The introduction of the variable ¥’ in place of V in (4.49) ensures the
convergence of the series. The d parameter is introduced to normalize the

voltage in such a way that V" is less than 1 for the whole dynamic range of the
diode detector.
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The linearization technique is based on the fact that the six-port junction is a
passive and linear junction; therefore, for a given load, the power reading ratio
p, =P, /P, is independent of the power level.

By connecting a passive load at the measuring port and sweeping the power level

of the source, for two different power levels of the generator, j and j+/, one can
write:

N
P C, Vk,_,'+1eXp (Z akin,,l_m j
k im1

JH

P. N |
“ Cka,jeXp Zakin,,lj]
-1

4.51)

Consequently, the normalized power readings are constant, p, . = p, ., and are

not functions of the power level; thus, one can write

N N
C, Vk,jexp (Z ay Vk,,lj j G, Vk,j+1exp (Z ay I/k,,lj+l j
im1 B im1
N R N .
C3I/3,jexp(za3ilf3,,ljj C3V3,j+1exp(za3ilf3,,lj+lJ
im1 im1

(4.52)

After simplifying and evaluating the logarithm of the right-hand and the left-hand
sides of (4.52), we obtain:

i=1 3,j+1

A . A . v, V..
Sy (77 ) (s (7 =21 )) = Ln (ﬁj @53)
k.j

Equation (4.53) is a linear one for the unknowns q,, and a,, . By using a different
load and different power level, one can form a set of linear equations to be able to
solve for the parameters (aki,a3i) . It is important to notice that three different
sets of parameters a,;, have to be calculated. Each set is associated with one
pair of power detectors (D4 D, ) (D5 ,D3), and(D6 ,D3) . In practice, three

different loads, (open, short, and matched load) and a power step of 1 dB are
sufficient to obtain accurate solutions for the linear system (4.53), which offers a
reasonable precision in the measurements.
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Once all three sets of coefficient (a,a.,ay) are obtained, one can calculate the

following power ratio:

N
Vi exp (Z akin’i J

i=1

N
V;exp (Z a V! j

i=1

—v, (4.54)

L:U |>:O

where L, :& and v, is a real parameter that can be embedded in the five
k
calibration parameters.
The normalized power readings, p,, required to calibrate the six-port

reflectometer, to perform error box calculation, and to calculate the complex
reflection coefficient can be calculated using only voltage measurements as
follows:

N
pi =V IV, exp(Z(aki —a3l.)Vk”) (4.55)

i=l1

The advantages of the technique described above are: (1) no power meter is
needed for the linearization technique, and (2) no precise variable attenuator is
required during the linearization procedure.

In addition, in case the four diode detectors are quasi-identical, there would be
no need for any further corrections to be taken into account for the effect of the
environment temperature or operating frequency.

It is also worth mentioning that the computation effort needed for the
linearization and the measurement procedures is relatively insignificant.

4.8 POWER CALIBRATION TECHNIQUE

It was shown that the six-port reflectometer can be used to calculate the power
flow propagating toward the device under test (DUT). A power calibration,

which calculates an extra real parameter, o , is needed for that purpose. In the

case of a six-port reflectometer fitted with four diode detectors, the power
calibration calculation is different.
Using (2.39), the absorbed power by any load can be calculated as follows:
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N .
‘C‘z (1_‘FL‘2 )P3 ‘c‘z (I—H‘L‘z )C3V3 eXp(zasinnj
P _ =l 4.56
’ ol ‘cl“+1‘2 o5 ‘CF+1‘2 0

The only unknown quantities are the ratio C,/a} and the coefficients a;, . It is

assumed herein that ¢ is the parameter of the error box.

It was mentioned above that the six-port junction is a linear one. Therefore, for a
fixed load connected to the measuring port, the ratio of the power absorbed by the
load for two different levels of the generator is the same as the ratio of the third
power readings corresponding to these power levels of the generator. Therefore,
one can deduce:

N
pil C3V3,_j+1 exp(2a3iV3f_’j +1j
L —

i=1

= (4.57)

- N
L cy,, exp(2a3iV3j;J
i=1

By connecting an absolute power meter to the measuring port and after
simplifying and evaluating the logarithm of the right-hand and the left-hand sides
of (4.57), one can deduce the following equation

S : : P, V.
> (ay (1 =V )) = Ln| 2L (4.58)
i=l Boi V3,

where P, . and P, ;. arethe two power readings given by the power meter.

By sweeping the power level of the source, one can generate a set of equations,
similar to (4.58), which can be grouped to form a linear system. The solution of
this linear system gives the coefficients a,, needed to calculate the power

absorbed by the load in (4.56). Once these coefficients are obtained, for a given
power level, i, of the source, one can write

O(é 2 2 u 1i
‘c‘ (1_‘FPM‘ )Vs,t eXp Za3th
i=1

where the remaining unknown ratio C,/a? can be calculated.

G, Poys|eCp + 1] Jef (4.59)
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Chapter 5

Six-Port Network Analyzers

In the previous chapters, the fundamentals, the calibration techniques, and the
design of six-port reflectometers have been presented and discussed. This chapter
presents the theory and discusses the design and the calibration of six-port based
network analyzer. The theory and the calibration of a two-port six-port vector
network analyzer are presented. A six-port based de-embedding technique needed
for the measurement of devices without coaxial terminals is also presented. The
theory, the measurement, and the calibration of a tri-six-port-based network
analyzer are presented. An N-six-port measurement technique, which requires
only a one-step connection, is also presented and discussed. Finally, a single six-
port junction based N-port vector network analyzer is presented in which the six-
port junction is used as a complex wave comparator.

5.1 GENERAL FORMULATION

It was shown in Chapter 1 that the six-port reflectometer is capable of making
simultaneous power flow and impedance measurements using only amplitude
measurements while no phase measurements are required. The use of two six-port
reflectometers in conjunction with an appropriate calibration procedure can lead to
the determination of the four scattering parameters of any two-port device under
test (DUT) [1-4]. The general block diagram of a two-port six-port based network
analyzer is shown in Figure 5.1.

CNT1 and CNT?2 are two repeatable phase and amplitude controllers inserted in
branch 1 and branch 2 of the six-port network analyzer (SPNA). CNT1 and CNT2
are used to vary the amplitude and the phase of the emerging signal 4 and g,

from the two measuring ports of the two six-port junctions, SP1 and SP2.
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NS
T
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Figure 5.1 Block diagram of a six-port based two-port network analyzer.

For a given setting, k, of CNT1 and CNT2, the incident signals @,, and a,, and

the reflected signals, b;, and b, at the measuring planes of the two six-port
reflectometers are related through the four scattering parameters, 5, of the DUT

|:b1k:|:|:sll S12:||:alk:| (5 1)
bZk S21 S22 aZk

Knowing that the measured reflection coefficients by the two six-port reflecto-
meters are

as follows:

r,=— (5.2a)
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b
r, =—2% (5.2b)
Ay

one can rewrite (5.1) in the following format

Ly =5, =518 (5.3a)

Ly =8y = SZI/gk (5.3b)

where g — %k The use of two different settings for the amplitude and phase
ay

controllers, k=1, and 2, leads to obtaining a set of four linear equations similar to

(5.3). The solution of this set gives the four unknown s, parameters.

5.2 CASE OF A RECIPROCAL TWO-PORT DUT

The multiplication of (5.3a) by (5.3b) allows the elimination of g, and gives the
following equation:

syl 55,0, —A=T, T, (5.4)

where A =s,5,, —5,,5,, - Equation (5.4) can be used to calculate the S parameters
of a reciprocal two-port DUT(S L=, 1). In such a case three excitations, k& =1, 2,

and 3, are required to form a set of three complex linear equations with three
unknowns s,,, §,,, and A. The solution of this linear system leads to a complete

knowledge of s,, and s,, and to a partial knowledge of s,, .

‘SZI‘ = ‘,/slls22 —A‘ (5.5a)

arg(szl) = arg( 5118, —A) +nm (5.5b)
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with n =1, 2, ..., N. The nonambiguous determination of the phase of ,, requires
multifrequency measurements or the knowledge of an approximate value for the
phase of s, , .

It is important to notice that in cases of a reciprocal DUT, no extra calibration,
besides the calibration of each six-port reflectometer for reflection measurements,
is required to determine the S parameters of the two-port device under test.

5.3 CASE OF AN ARBITRARY TWO-PORT DUT

In the case of an arbitrary DUT, (5.3) can be rewritten as follows:

[gn Slz}{l}{ r, } (5.6)
Sor S || 8k gl

Equation (5.6) shows that the measurements of I',, andI’,, , at two different

2k
excitations, k =1 and 2, are sufficient to determine the four S parameters of any

DUT provided that g, is known for these two excitations. The determination of S

parameters is based on the solution of a set of four complex linear equations with
four unknowns. At this stage, g, 1is still unknown and has to be calculated using
the calibration parameters of the SPNA which should be obtained in advance
using the procedure explained next.

The determination of the excitation g,, when the DUT is connected to the
SPNA and when the branch controllers are set at condition %, is based on the
characterization of the calibration of three-port network resulting from the two
measuring planes, 1 and 2, and the reference plane at the output of the RF signal
generator, plane 0, as shown in Figure 5.2.

The relationships between the incident b, and the reflected a, waves at the two

measuring planes 1 and 2 are:
_ .k k k
. = by +uy by +upby, (5.7a)

ay, = “gobOk +“§1b1k +u§2b2k (5.7b)
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| | Ao
Ialk |
e th rt
—» | —= |three-po | _
& | calibration | two-port
networks |
source | ko1 and 2 DUT
| - =
plane O D1 | D

planes 1 and 2

Figure 5.2 The three-port network needs to be characterized at both controller settings.

k .
where u ;j represent the scattering parameters of the three-port network at

excitation k. Equation (5.7) can be rewritten in matrix format as follows:

l_ulklrlk _MIkZFZk Ay =b ulko 58
k k - Yok k ( . )
_MZIFIk l_uzzrzk ay Uy

Using Crammer’s rules and after algebraic manipulations, one can obtain:

(Bk/Ak)+(Dk/Ak)Flk
1+(C, /4,)T 5,

g = (5.9)

and

ko k k k
Dk =UpglUy — Uy Uy
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The calculation of g; needed for the determination of the DUT’s S parameters is
straightforward using the measured reflection coefficients I';;, and I'y;, when the
DUT is connected to the measuring planes, and the calibration parameters of the
SPNA B,/4,, C, /4, ,and D,/A4, . The determination of these parameters is

based on the following equation obtained by substituting (5.9) into (5.3a) and by

replacing g, = Dok by its equivalent expression deduced using (5.3a), and which

Ay

is equal to (Flk —s“)/s12 :

N s s s C N N D N N
S12_+(A _Szzrlk)A_k+S12 1kA_k:F1k_S11 (5.10)

with s= 1, 2, and 3 and k= 1 and 2, and S; are the scattering parameters of the

standards. The use of the same three known and different two-port standards (s=1,
2, and 3) for both excitations (k=1 and 2) provides two sets of linear equations,
one set per excitation. Each set includes three equations and three unknowns
(B,/A,, C,/A, ,D,/A, ). The solution of these sets allows the calculation of the

six calibration parameters, three per excitation.

Alternatively, it is possible to use three unknown reciprocal two-port standards
and three different excitations in place of two known two-port standards and two
excitations to solve for the six calibration parameters. The procedure to determine
the S parameters of a reciprocal two-port standard, described in Section 5.2, can
be applied to calculate the S parameters of the three standards before solving the
linear system (5.10) for B, /A4, , C,/A,, and D, /A, . The calibration technique is

general in the sense that no assumption is made regarding the isolation between
branches and it is applicable whenever the bandwidth of the hardware is
appropriate: six-port junctions, controllers, and so forth.

5.4 SIX-PORT BASED DE-EMBEDDING TECHNIQUE: THEORY

S-parameter measurements of devices whose terminals are noncoaxial (e.g.,
microstrip lines, coplanar waveguide lines, rectangular or circular waveguides,
and fin lines) require the use of a test fixture with suitable transitions between the
DUT terminals and the coaxial terminals of the measurement system [6]. Several
de-embedding techniques have been used to extract the de-embedded (intrinsic) S
parameters of the noncoaxial DUT from the embedded (raw) S'parameters
obtained using a network analyzer for the DUT mounted in an appropriate test
fixture [7-11]. Based on the above methods, a six-port based technique that
requires three reciprocal unknown two-port standards, a through connection, a



Six-Port Network Analyzers

matched two-port standard, and an unmatched two-port standard, is presented in
this section.

The relationship between the scattering parameter matrix entries and the
transmission parameters matrix entries of an arbitrary two-port device is the
following:

D {dn dlz} :L,|:_S£2S1,1 J,sz;lSl'z Sl'l} (5.11)

d, d, S12 52 1

Figure 5.3 shows a typical setup for S parameters de-embedding purposes. Let A
and B be the transmission matrices associated to the left and right parts of the test
fixture, respectively, and D be the DUT transmission matrix. The incident signals
at the DUT (test fixture) reference planes are 4, and a, (a',, a), respectively,
and the reflected signals at the DUT (test fixture) reference planes are p, and p,
(6!, b}), respectively, as shown in Figure 5.3. A, D, and B are related to the
incident and reflected signals as follows:

b ] b
T1=A] (5.12a)
94 L4
DR
“1=p| ”? (5.12b)
44 | 95 |

b, b
{f}:B{ B} (5.12¢)
aB aB
Using (5.12), one can write

b b, b,
{f}:ADB{’f}:M{f} (5.13)
aA aB aB

M represents the transmission matrix of the test fixture holding the DUT.
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Figure 5.3 General representation of the de-embedding problem.

The two embedded reflection coefficients W, and W, can be measured by the
two reflectometers SPA and SPB for two different excitations, £ = 1, and 2. These
excitations are obtained by changing the setting of the amplitude and phase
controllers CNT1 and CNT2, shown in Figure 5.1. This leads to a system of
equations (similar to (5.6)), including four linear equations with four unknowns,
which are the embedded scattering parameters of the test fixture holding the

DUT S, S{5, Sy;,and 8, :

s 1 w
{{1 I,ZH }:{ i },k=1and2 (5.14)
Syt Sy | 8k g Whi
where w v = b*,”‘ , and Wy = bf" are, respectively, the embedded reflection
Ak Apr

coefficients measured by the two reflectometers SPA and SPB, respectively, and

g = af" are the two excitation parameters that should be calculated using the
gk
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calibration technique described in section 5.9. The same three reciprocal two-port
standards, which will be introduced in the next section, can be used to calculate
the calibration parameters B,/4; , C,/A;, and D;/A4, of the three-port

calibration network needed for the calculation of g .

The solution of (5.14) leads to the determination of S’ parameters of the test
fixture holding the DUT.

To be able to recover the de-embedded S parameters of the DUT from the
embedded S’ parameters and transmission matrices A and B, which model,
respectively, the right and the left sides of the test fixture delimited by the actual
measuring planes of SPA and SPB, the reference planes of the device under test
(see Figure 5.3) have to be determined in advance. This step constitutes the
calibration procedure which has to be carried out before measuring any DUT.

5.5 TWO-PORT DE-EMBEDDING TECHNIQUE
As mentioned above, the calibration procedure consists of using three unknown
reciprocal two-port standards needed to calculate the entries of the A and B

transmission matrices:

1. A through connection standard:

S 01 (5.15a)
= 15a
1o
2. A matched reciprocal two-port standard:
0
S, = / (5.15b)
f 0

3. An unmatched reciprocal two-port standard:

_|& A
s:,_{h g} (5.15¢)

Notice that the determinants of the transmission matrices D,, D,, and D,
corresponding to these standards are equal to unity.
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After placing the three standards successively in the test fixture and measuring
their corresponding embedded reflection coefficients for two different excitations

and applying (5.14) to calculate their corresponding S'parameters, one can
construct three different transmission matrices, one for each standard, M,, M,
and M, using the standard transformation between scattering parameters and
transmission parameters shown here:

i|:_S£2S1,1 +Sélsfz S1’1j| (5 16)

’
-85, 1

A second way to calculate the M matrix is based on the following: from (5.16),
one can see that the knowledge of s/, §5,, and A" (A" =5/,55, — 51,53, ) leads to
the partial knowledge of the matrix M. Only a normalizing parameter s/,
corresponding to each standard is still an unknown. These normalizing
parameters can be embedded, respectively, in the matrices D,, D,and T defined

below. In such a case the entries of the nonnormalized transmission matrix M can
be found directly from the solution of a set of linear systems obtained for three
different excitations when the standard, or the DUT, is connected to the measuring
ports as follows:

S| Wy +S0,W, —A'=w,w, , k=1,2,and 3 (5.17)

LetP, Q, R, and T be:

M,M,' =P (5.18a)
M,M;' =Q (5.18b)
M,M,' =R (5.18c¢)

D.D;' =T (5.18d)

where D,and D, are the corresponding transmission matrices of the second and
the third standards, respectively.
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By using the three equations obtained by means of (5.13), for the three standards,
in conjunction with (5.16), one can derive the following equations:

AD, =PA (5.192)
AD, =QA (5.19b)
AT =RA (5.19¢)

Each of the three matrix equations includes a pairs of similar matrices, (D,, P),
(D3, Q), and (R, T), which have been shown mathematically to have the same
trace, determinant, and sign values. The trace invariance property for such
matrices yields the following equation:

Su, =2v, (5.20)

un 1

where u, and v, are the diagonal entries of a pair of similar matrices (U, V).

Applying that property to (5.19a) to calculate the s;, parameter of the matched
standard, it is found that two values for f can satisfy the trace invariance property;

(pu +p22)+\/<p11 +p22)2 -4
2

h= (5.21a)

(pn +p22)_\/(p11 + Py )2 -4
2

£, = (5.21b)

where p;; are the entries of matrix P. One way to resolve this ambiguity is to utilize
the fact that, in practice, the entries of the transmission matrix A for an
appropriate test fixture should satisfy the following equation:

D) <% (5.22)
a22 aZl
This inequality is equivalent to:
Piz |s f"_p22|,i:1andz (5.23)
l/fz — P ‘ P
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Using (5.19b) and (5.19c), and after some algebraic manipulations, one can
calculate the remaining unknown parameters of the third standard as follows:

_ -/
"= (QH +‘J22)_f(”11 +r22) 29

where g, and r,are the entries of matrices Q and R, respectively.
For the s,, parameter of the unmatched standard, two values for g can satisfy the

trace invariance property:

1

g =(—fh(rn+r22)+f2+hz)E (5.25a)

g, :—(—fh(r“+r22)+f2+h2); (5.25b)

Again, the sign ambiguity can be resolved knowing that, in practice, the measured

value of s,,, of the third standard, should be comparable to the value of g, in

amplitude and in phase. Therefore, one can use the following criterion to select g:

s, —g|<|s,, +g].,i=1and2 (5.26)

We assume that the impedances of both the test-ports of SPA and SPB are equal
to the line characteristic impedance, which is 50Q2 in practice.

5.6 CALCULATION OF THE ERROR-BOX PARAMETERS

Knowing the parameters of all standards used, we are able now to determine the
a; entries of matrix A by means of (5.18). Each matrix equation can be written as

a set of four homogenous linear complex equations with four unknowns.
Assembling these four sets into one leads to an overdetermined homogenous
complex linear system with four unknowns, a;, and 12 equations:

CA=0 (5.27)

whereA=[a,, @, a, a,] andC isaknown (12x4) complex matrix.
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A singular value decomposition (SVD) technique can be used to solve the above
system to insure a reliable and good solution even if the matrix C presents a bad
condition number. The transmission matrix B, which models the right-hand side
of the test fixture, can easily be calculated using A and M as follows:

B=M"'A (5.28)

5.7 DETERMINATION OF S PARAMETERS OF AN ARBITRARY DUT

To be able to calculate the S parameters of any DUT, we first need to determine
the S'matrix of the test fixture holding the DUT using (5.14). This procedure
requires the use of good quality phase and amplitude controllers CNT1 and CNT2
with reliable repeatability.

Using the transmission matrices of the two error box networks A and B, the
transmission matrix of the DUT can be obtained using the following equation:

D=A"'MB (5.29)

where M is the transmission matrix of the test fixture holding the DUT and is
related to its S’ parameters via (5.14).

The standard transformation between the transmission parameter matrix and the
scattering parameter matrix allows the calculation of the de-embedded S
parameters of the DUT as follows:

§, = & (5.30a)
d22
s, =d,, —(dlzdﬂ J (5.30b)
d22
1
S, =— (5.30c¢)
21 d22
and
d
Sy, = —d—” (5.30d)
22

The above calibration and de-embedding procedures can be implemented on a
network analyzer comprising two reflectometers (e.g., six-port network
analyzers), or can also be implemented on four CNAs that directly provide the
embedded S'parameters. In this case, the four measurement matrices M;, M,,
M; and M can be directly calculated using (5.16). When a four-channel network

103



104 The Six-Port Technique with Microwave and Wireless Applications

analyzer is used, only excitation 1 and excitation 2 are needed to compute the S
parameters of an arbitrary DUT.
In the case of a purely reflecting DUT (sz =58, = 0) , the transformation between

the scattering matrix, S, and the transmission matrix D becomes singular, as can
be deduced from (5.28). Therefore, a test to detect such a situation is required and

an alternative method for calculating S, and S, should be included in the

algorithm. A test may consist of checking whether the determinant of M in (5.14)
goes to zero, and in a such a case, the following relationships can be used to

calculate s;; and S, .

5, = ——a 2 (5.31a)
—det[oc]+oc22wA
and
s By (5.31b)

2 T et [B]+ By

where a; and f; are the entries of the scattering matrices A’ and B'associated
with the error box matrice A and B, which can be easily calculated using the

transmission matrices A and B and the embedded reflection coefficient w, and

w; measured when the DUT is connected to one of the measuring reference

planes.

It is important to notice that the through connection standard can be replaced by
a delay line as in the line reflect line (LRL) technique. In this case, the equivalent
reference plane of a virtual through connection positioned at the middle of this
delay line is considered in the computation. The difference between the delay line
and the matched standard electrical length is considered as the electrical length of
the matched standard in the computation.

5.8 TRI-SIX-PORT NETWORK ANALYZER

The block diagram of the three-six-port network analyzer (TSPNA) is shown in
Figure 5.4 [15]. The basic relationship that relates the incident signals to the
reflected signals for a given three-port DUT is

b=Sa (5.32)
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Figure 5.4 Block diagram of TSPNA.

where a=(q,,a,,a,) , andb=(b,b,,b,) . When the amplitude and phase
controllers, CNT1, CNT2, and CNT3, are set at condition %, (5.32) can be

reexpressed as follows:

SP3

(5.33)
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! T a bi
, G, :(rlk’g2kr2kﬂg3kr3k) > ik =—%  and Ly =%

alk aik

T
where G, = (11 > 821> 83k )
withi=1,2,and 3;and k=1, 2, and 3.

', is the reflection coefficient measured by SPI, for the excitation k. The three

six-port reflectometers are assumed to be calibrated for reflection measurements.

For the four-port network delimited by the three measuring planes (planes 1, 2,
and 3) and the reference plane at the output of the RF signal generator (plane 0)
shown in Figure 5.4, the following equation can be written:

Ua =b, U (5.34a)

k =k ok —0

where

k k k
l—u Iy —uply, —uply,
_ k k k
Uk - _uZIFIk 1_”22r2k _”23r3k
k k k
—uy [y, U,y T—ugly,

(5.34b)

_ T k _ k k k T . . . .
and a, =(a,,a,,,4,,) and Uy = (ulo,uzo,uw) and b, 1s the incident signal at

the generator port of the four-port network.
Solving (5.34a) for a; using Crammer’s rules, one can easily write

det(Uik)
o G _ b, det(U, ) _ det(U,, ) (5.35)
* a, det(Ulk) det(Ulk)

b, det(Uk)
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Figure 5.5 Calibration of the TSPNA.

Here det(Uik)(det(Ulk)) is the determinant of matrix U, with its ith (first)

column replaced by a column vector ng. The assembling of (5.33) obtained for
three different excitations, in one matrix equation gives:

1 g, g 0 0 0 0 0 0 | s Ly

0 0 0 1 g g 0 0 0 || 5 gl

0 0 0 0 0 0 1 gy & | s g l'y

1 g, &, 0 0 0 0 0 0 || 55 L',

0 O 0 1 g, g, 0 0 0 [|sy |=|gnl, | (5.36)
0 0 0 0 0 0 1 g, &8s gl

1 gy g; 0 0 0 0 0 0 || 55 L'

0 0 0 1 gy g3 0 O 0 || 53 gl s

00 0 0 0 0 T g gs][ss] |8l
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The solution of the linear system (5.36) provides the nine unknown S parameters
of the three-port DUT.
The calculation of the six g, (i =1 and 2; k = 1, 2, and 3) is easily obtained

using (5.35). For example, g,, should be calculated as follows:

3 3
1- ullrl3 1 —u13r33
3 3 3 3
_u21rl3 Uy /”’10 —u23r33
3 3 3 3
—uy L'y ug, /”10 | St ZA 537
8y = | = T (5.37)
—Upl oy Uizl g
3 3 3 3
Uy, /”’10 1- uzzrzs _u23r33
3 3 3 3
Uy, /ulo —u32F23 1- u33r33

The calibration of the TSPNA can be subdivided into three parts. As shown in
Figure 5.5, each part is equivalent to the calibration of a dual six-port network
analyzer. By connecting a matched load at one port of the four-port network
shown in Figure 5.5, the four-port network will be reduced to a three-port
network, which can be characterized by determining its nine parameters, three for
each excitation, using the method explained in section 5.2. The rotation of this
matched load between the measuring ports of the three reflectometers and the

calculation of the corresponding calibration parameters ul’; ,and u'/fo / ul, lead to

the complete determination of the 27 calibration parameters, 9 per excitation,
needed for the operation of the TSPNA.

u. , and u 0 / u,, can be deduced from the calibration parameters of each pair

ij

of six-port reflectometers (SPi, SPj),(B,/4, )U,(Ck /A, )[j, and (D,/A4, )U as

follows.

k

L}'{O =(B,/4,), (5.38a)

ui 0
and

(Dk/Ak) (B /A) Ujs i>]

ub = (5.38b)

ij [(Ck/Ak)U_—|—ujj:|/(Bk/Ak)lj;j>i

with ukjj as the reflection coefficient of the jth port of the four-port network when
all the remaining ports are terminated by matched loads. These parameters can be
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easily measured in advance, using a calibrated six-port reflectometer. In
conclusion, three steps are required for the calibration of TSPNA:

Step 1. Calibration of (SP1, SP2), as explained in section 5.2, while SP3 is
terminated by a matched load for each excitation (k = 1, 2, and 3). This step gives

. . k k k k
the following nine complex parameters (u20 / Uy, Uy, »“12) .

Step 2: Calibration of (SP1, SP3), as explained in section 5.2, while SP2 is
terminated by a matched load for each excitation (k = 1, 2, and 3). This step gives

S k[ ok ok k
the following nine complex parameters (”30 / Uy, Uy, Uy ) :

Step 3: Calibration of (SP2, SP3), as explained in section 5.2, while SP1 is
terminated by a matched load for each excitation (k = 1, 2, and 3). This step gives

S kof ok ok k
the following nine complex parameters (”30 / Uy, Usy 5 Usy ) :

The method to determine the 27 calibration parameters required to calculate the
six excitation parameters g, (i =2 and 3; k=1, 2, and 3) is explicit, rigorous, and

does not requires any isolation between branches. Only three unknown reciprocal
two-port standards, three repeatable and absorptive switches, and two repeatable
amplitude and phase controllers are required for the operation of the TSPNA.

5.9 N-SIX-PORT NETWORK ANALYZER

The above described technique for the calibration and measurements of the
TSPNA can be easily extended to handle the N-six-port network analyzer
(NSPNA). The block diagram of the NSPNA is shown in Figure 5.6. The number
of the six-port reflectometers and the number of excitations required should be
equal to the number of ports, N, of the DUT, and the calibration procedure

includes C,f steps. Each step is to calibrate each pair of six-port reflectometers

and to deduce the 3N complex parameters (ulko/ufo,ulf,ufl) ,k=1,2,3,...,N. The

calibration procedure of the NSPNA is illustrated in Figure 5.6.
Therefore, the total number of the calibration parameters is 3NC> and the linear

system to be solved for the calculation should include NV ? equations to solve for

the N”unknown S parameters.
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Figure 5.6 (a) Block diagram of the NSPNA. (b) Calibration procedure of the NSPNA.
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5.10 A SINGLE SIX-PORT N-PORT VECTOR NETWORK ANALYZER

The six-port junction operates as a relative two-channel receiver in this
application [16]. As explained, the six-port can perform reflection coefficient
measurements at the test port while the input port is connected to an RF generator
and the four remaining ports to power/voltage detection sensors. In this
configuration, shown in Figure 5.7, incident and reflected waves a;, and a,,, are
completely independent and the six-port junction reflectometer operates as a wave
comparator providing the ratio a,,/ a;,. This ratio is a function of the measured
reflection coefficient and the calibration parameters, which have to be determined
in advance, as follows

jH | SixPort | Hi

Figure 5.7 A six-port wave comparator.

aout Clrout
= 5.39
a, (1-Cr,,) (-39)

out

where ' =

, C; and C, are the calibration parameters characterizing the

out
two-port network constituted by the six-port junction when the four reading ports
are terminated by the four power/voltage sensors. These parameters have to be
determined in advance, and I",,,, is the measured reflection coefficient at port 2 of
the six-port junction. According to Chapter 4, when the six-port junction includes
a reference port, the reflection coefficient measurement is independent from the
generator impedance. Using this hypothesis and a very simple flow graph, the
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coefficients C,and C,can be related directly to the S parameters of six-port
reflectometer as follows:

C = Szl,SP and C, = S5, 5p (5-40)

> i
EI RF Input
i :I '

Y X
Six-Port )
Receiver .
SPNT Switch Box
\
§ : Miﬁg
I N e) H
= W W
- (fPII?ath i' N (S 5
"""""""" Bty i.Port DUT

Figure 5.8 A six-port automated network analyzer.

Using the six-port as a two-channel receiver and adding an appropriate test set
designed using switches and couplers and power dividers, a single six-port
junction N-port vector network analyzer can be designed. The block diagram of
the proposed system is shown in Figure 5.8.

For calibration and measurement purposes of S parameters, the incidents and/or
the reflected waves a; and b, are sampled via N two-dual directional couplers.
Using the primary SPNT absorptive switch box, the signal generator is routed
successively to the P ports of the DUT. For a given setting of the latter switch
box, the secondary absorptive 2NPST switch box is used to route all a; and b; to
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the measuring port (port 2) of the six-port junction, respectively. The ratio
between the raw a;. or b, and the reference wave ag,s feeding port 1 of the six-
port junction can be provided by the two-channel six-port receiver as follows by
the six-port receiver:

S
R= =2 (5.41)

. b : : : .
with ' =—2 | where I is the measured reflection coefficient at the output of six-
a2

port. For full vector calibration and de-embedding purposes needed to transfer the
measurement’s reference planes form the inputs of the six port junction to the
DUT, the technique presented in Section 5.5 or several established techniques
such as QSOLT [9] or TRL [17] can be used as in the case of two-port
commercial VNA. For multiport VNA the calibration algorithm presented in the
next section can be used to de-embed the raw S parameters measured at the SPR
ports to the N-port of the DUT.

5.11 N-PORT CALIBRATION ALGORITHM

In the proposed setup, the measurements are performed at the SPR as ratios
between channel 1 as a receiver for the incident and reflected waves and channel
2 as a reference. This first requires calibration of the six-port junction as a
reflectometer using one of the techniques reported in Chapter 3 [12, 13, 17]. Then
the raw S parameters measured at the SPR ports have to be de-embedded to get
the true S parameters of the DUT [5, 14, 15].

The calibration algorithm used in this measurement setup is based on making
full calibration for port 1 using OSL standards and then making two-port
calibration using a (THRU) standard. The block diagram of the N-port calibration
procedure is shown in Figure 5.9. The calibration steps can be described as
follows.
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Step 1: Performing OSL at port 1

This step is performed to calculate the parameters (e',e/?, and

Ae=e'e]* —el'e” ) of the error box representing the transfer from port 1 to the

six-port receiver (SPR) reference plane as shown in Figure 5.9. These parameters
can be calculated by measuring the reflection coefficients of OSL at port 1 at each
frequency point using (5.33)-(5.36).

The reflection coefficient at the standard connected to port 1 plane (I'szp) can be
described as a function of the measured reflection coefficient at the SPR plane
(T,,) and the error box matrix e’ as follows:

12 21 2
I 'y ee gy _ —Ael', +¢ (5.42)
"o 1=e?r,,  —ePT., +1 '
—€ Lgp =€ 1

Using open, short, and load standards, one can write

11 * -1
el 1 F open 1—1M0pen _F open F Mopen (5 43 )
22 | % _
el =1 1_‘short 1—‘Mshort 1—‘short 1—‘Mshorl
% —
Ae 1 1ﬂload FMload 1ﬂload 1ﬂMZoad

The error box E, models the interconnection between the SPR measurement port
and the port i of the DUT and relates the reflected to the incident waves, defined
according the following equation

bmi | g (5.44)
A duti bduti
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Figure 5.9 Block diagram of the N-port calibration procedure.

where I r

open °

o » and T, . are the actual reflection coefficients of the OSL

standards. T, .., [',.> and Iy, , are the measured reflection coefficients of

the OSL standards using SPR.

Step 2: THRU Connection between port 1 and each port of the N-ports

By performing this step, the parameters of the remaining error boxes between the
N-ports and the SPR can be calculated as functions of the measured S parameters
of the THRU using the following relations:

TN _ plt
2 _ mKK —_ ©1
€k _t N 22(ST1K_ 11) (5.45)
nTé W 6
22
Iyx€
11 _ QTK KK ©1
€x = Oukx — 22 20 (546)
l-e~ ey

(1 _oBe? )2
1 “x
Ty = SIS ———— (547)
11
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Te =Sht (1-¢'ef ) and T,, = S5} (1-¢l'ey ) (5.48)

mK1 1 eK

where £ is the port number and S, are the measured S-parameters of the THRU

connected between port 1 and port K. Step 2 will be repeated until K=N where N
is the number of ports.

Step 3: Calculation of the term T, , which characterizes the path between port k

and port j

T, =e’e; =L (5.49)

Step 4:De-embedding of the DUT’s S parameters

After calculating all the parameters of the error boxes, the de-embedded S
parameters of the DUT can be calculated using (5.40).

S=A”‘(I+l“”"‘A)*1 (5.50)
where

(S’"“ _elll) S iy

Iy iy

S a1 (S’"22 _elll) S oy
4= Ly Iy 2% (5'51)

mN 1 (S’"NN efl\’l)

B Iy Iyn

I, =diag(e',e) e ...,ey, (5.52)

and / is the identity matrix. This calibration algorithm has the advantage of taking
the cross-talk between ports into consideration, which leads to accurate results
compared to other calibration algorithms. It also avoids the problem of
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impractical line lengths when using the TRL method at relatively low frequencies.
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Chapter 6

Source-Pull and Load-Pull Measurements
Using the Six-Port Technique

In previous chapters, it has been shown that a six-port reflectometer can be used to
simultaneously perform impedance and power flow measurements. A
straightforward application of such capability of six-port technique is the load-pull
measurements of microwave transistors. Typical setups for passive and active
load-pull measurements as well as the extension of this technique to perform
harmonic load-pull measurements will be described in this chapter. The on-wafer
load-pull measurements on chip devices require special attention, and an
alternative approach for impedance and power flow calibration using a reflection-
based technique will be presented.

6.1 PRINCIPLES OF SOURCE-PULL/LOAD-PULL MEASUREMENTS

The object of load/source-pull measurements is the experimental determination of
the performances of a device in large-signal operation mode and the identification
of the conditions that yield the optimum or desired performance in terms of
power, power efficiency or linearity or a trade-off between them. Load-pulling
means varying the output load, that is, the load at the output side of the device
under test (DUT), and source-pulling means varying the input load, that is, the
load at the source side of the DUT. In fact, the load-pull measurements on a
microwave transistor consist essentially of plotting the constant power contour
absorbed the load seen by the DUT which can span the whole Smith chart for
given bias point and input power level. Different setups have been used in the past
for such measurements. A typical load-pull/measurement system is shown in
Figure 6.1. One could split these techniques into two types: passive source-
pull/load-pull setups and active source-pull/load-pull setups.
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Figure 6.1 A typical load-pull/source-pull measurement system.

Indeed, any load-pull system should be capable of measuring the input
impedance of the DUT, the load impedance seen by the DUT at its output, Z;, the
source load impedance presented to the DUT at its input, Zs, the input power
absorbed by the DUT, P;,, and the power delivered to load, P;. In addition, any
load-pull system has to monitor the voltage and currents across both the input and
output of the DUT for any pair of (Zs, Z;) to be able to plot the power-added
efficiency in the Smith chart. In some circumstances, measurement and
monitoring of the linearity of the device are also required. Several metrics’
linearity can be used depending on the application such as AM/AM and AM/PM
distortions, carrier to third-order intermodulation products (C/IMDj;), adjacent
channel power ratio (ACPR), and error vector magnitude (EVM).

6.2 IMPEDANCE AND POWER FLOW MEASUREMENTS WITH AN
ARBITRARY TEST PORT IMPEDANCE

Six-port measurement techniques have been used for linear S parameters’
measurements of microwave circuits. Figure 6.2 shows a six-port reflectometer. It
has been shown in previous chapters that the measurements of the complex S
parameters of N-port network require 4N power readings.
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Figure 6.2 A six-port reflectometer with variable test port impedance.

Phase information is derived without any need to convert RF signal down to IF
frequency or baseband. Moreover, it has also been shown that the calibration and
measurement calculations are not a function of the source impedance presented to
the input port of the six-port reflectometer; hence, one could change such a source
impedance by using a passive tuner inserted before the input port of the six-port
reflectometer. The power flow exciting the device under test connected to the
measuring port of the six-port junction can be calculated using the expression
obtained in Chapter 2 and reported here:

w(f)-e(f)
rDUT(f) —C(f)W(f)+d(f) (6.1)
k()E(f)
DUT f = 3 (6.2)
i ( ) ‘1+c(f)FDUT(f)‘

where c(f) , d(f) , and e(f) are the error box parameters, w(f) is the
embedded reflection coefficient, k( f ) is the power calibration parameter that has
to be determined at each measurement’s frequency, P, ( f ) is the power reading

measured by the reference port of the six-port junction, andI', ( f ) is the

reflection coefficient measured by the six-port reflectometer.

I, ( f ) , shown in Figure 6.2, is the source impedance seen by the DUT. The
complex value of I, ( f )is related to the tuner impedance, I, ( f ), and the S
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parameters, S, of the two-port network delimited by the input and the output

l'j >
ports of the six-port junction when the remaining ports of the six-port junction are

terminated by the 50 {2 power sensors. I’ ( f ) can be obtained as:

(/)5 (ST, _ a(NT, +B(S)
_Sn(f)rz H(f)rt +1

L (f) =S» (f)+ Slzl (6.3)

where o(f), PB(f), and u(f) are directly related to the two-port network
delimited by the input and the output reference planes of the six-port junction.

If the six-port junction is designed to be transparent in such a way that the input
and measuring port of the six-port junction are both situated in the main direct line

of 50 Q (‘Su‘ =|s, =1
L. (f)is

s”‘ = ‘322‘ = 0) , a good approximation of the module of

r(f) (6.4)

Such a configuration allows online impedance and power flow measurements
while the impedance presented to the DUT can be changed arbitrarily over the
whole Smith chart. This assumes that the tuner was precalibrated and the
impedance corresponding to I'; is known for any position of the stubs of the used
tuner.

6.3 OPERATION OF A SIX-PORT IN REVERSE CONFIGURATION

Generally, a six-port junction is built with physically assigned input, output,
power reference port, and three other power detection ports. The normal use of a
six-port reflectometer requires the connection of the signal generator at the input
port and the DUT to the output port of the six-port junction, as shown in Figure
6.3(a).

Microwave signals are injected from the input through the output; the six-port
measures the reflection coefficient I' of the DUT and the power flow at the output
port. It was demonstrated in Chapter 4 that the signal generator impedance can be
arbitrary and has no effect on the six-port calibration and measurement
calculations [8]. This configuration of the six-port reflectometer can be considered
as the direct configuration. However, if the signal generator is connected to the
output and the DUT to the input of the six-port and the microwave signal is
injected from the output port through the input port, then the six-port junction is
considered in a reverse configuration as shown in Figure 6.3(b).
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Figure 6.3 Six-port reflectometer: (a) direct and (b) reverse configurations. (Copyright 1994 IEEE
from [9].)

In this configuration, the six-port would measure the reflection coefficient of the
DUT, seen at the reference plane located at the output port (port 2) of the six-port
junction. The calibration procedure of the six-port reflectometer used in this
reverse configuration is divided into two steps: (1) the classical six-port to four-
port reduction technique using 13 unknown and well distributed loads, and (2) a
new error box procedure using three well-known standards [9]. The determination
of these error box parameters are based on those obtained in direct configuration
and on some analytical manipulations.

Figure 6.4 shows the different steps required for the calibration, de-embedding,
and measurement procedures of the reverse six-port reflectometer. The calibration
and de-embedding procedures characterize the six-port junction and fix the
reference plane for the measurements; see Figure 6.4(a, b). A self-calibration
approach [10,11], contrary to an explicit calibration method [12], can be used in
this context. Notice that a -10 dB directional coupler is added to the output in the
de-embedding procedure. This coupler will allow the use of the six-port junction
in reverse configuration, as shown in Figure 6.4(c). This configuration consists of
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a generator connected to the output port of the six-port reflectometer via the -10
dB directional coupler.

The six-port junction measures the reflection coefficient of the tuner that is
shifted from the input port (port 1) to the reference plane at the output port (port
2). The microwave signal injected through the coupler excites the DUT. A part of
this signal is reflected toward the six-port and allows the latter to measure the
reflection coefficient of the tuner connected to the input port. The six-port

junction was designed to be transparent(‘sn‘ = ‘521‘ =1;

Sn‘ = ‘522‘ = 0), in order to

minimize the insertion loss allowing the tuner to cover a wider area on the Smith
chart. The measured tuner reflection coefficient is shifted to the reference plane
defined by the de-embedding procedure at the right-hand side of the six-port and
the directional coupler.

Note that at first the six-port reflectometer is calibrated in the direct
configuration and next is used in the reverse configuration. Thus, this
measurement technique can be justified if we can establish a relation between the
calibration and the de-embedding of the direct and the reverse six-port junctions.

6.3.1 Six-Port Reflectometer Calibration in Reverse Configuration

Generally, the six-port is constructed with a power reference port and three
remaining detection ports (ports 4, 5, and 6) such that the power readings at the
six-ports obey the following expressions:

P, =P =B, [1+a,,[ |b] (6.5)

7

P =p[1+al,[|b[,i=456 (6.5b)

where [, are real constants, a;, are complex constants that characterize the six-

port junction, b, is the outgoing wave at the output port (port 2, in Figure 6.4),

and I'; is the reflection coefficient of the DUT. Dividing F, by B, , the ratio
of P/ P, can next be written as 13:
P, 2
_4:(14‘1—‘L—Q4‘ (6.6a)
Py
P, 2
P—5 =, |, - O (6.6b)

ref
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de-embedding in direct configuration; and (c) measuring in reverse configuration. (Copyright 1994
IEEE from [9].)

and

P
P_e: o, T, -0 (6.6¢)
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where o, and Q, are complex constants. The reflection coefficient I', of the load

is determined by the intersection of three circles using the six- to four-port
reduction technique similar to technique explained in Chapter 4 as

_i_
P .
Irj 0‘4‘Q4‘2 a, —-a,0, -a0, ‘FL‘Z
# = ocs‘Qs‘z + ooy -0, —a0 || T (6.7a)
;f Oté‘Qé‘z o, 00 —aQs || T,
L6
_])ref_
P,
|zl
‘FL‘Z oy _0‘4Q:1k —a.s0, ;f .
I, |=la, —a0; -o.0; P—i—aS\QS\ (6.7b)
I, O O(‘6Q; oL Og ;f
_6_a6‘Q6‘2
| Ber |

Examining (6.7), we note that the product of rows two and three is equal to row
one. Hence, after some algebraic manipulation, we eliminate I", and obtain the
following relation:

2 2 2
P, P. P P, P.
R’ef ' })ref ' })ref ' Pref R’ef '
P P P. P
(q—p—r)B2 —4 | = +(p—q—r)AzB2 || =+ (6.8)
R‘ef B’C’f Pref Ref

2| B 2| B
p(p—q—r){%}q(q—p—r)/l {?}r(r—p—qﬂ? {P—}pqﬁo

ref ref ref

where the real quantities p, g, r, A% B* are the calibration constants related to Q;
and Q. and associated with the physical structure of the six-port junction [10].

These parameters are determined by the six-port to four-port reduction theory:
for each specified frequency, at least five measurements for different distributed
loads that lead to a set of five nonlinear equations are needed to solve this set of
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equations [10,11]. The explicit knowledge of the impedance values of these
distributed loads is not required in the calculation of p, ¢, r, 4°, and B>. As
discussed earlier, in practice, 13 loads are employed to improve the accuracy of
the calibration over the entire Smith chart.

The elimination of ‘bz ‘2 in (6.5) makes the quantities p, g, », A%, and B’
completely independent of the choice of port 1 or port 2 for the test port of the six-
port junction. Hence, if the power reference and the remaining detection ports are
fixed, the calibration of the six-port, which aims at the determination of p, ¢, r, 4%,

and B?, will normally give the same value of these parameters for a six-port used
in either direct or reverse configurations.

6.3.2 Error Box Calculation for Reverse Six-Port Measurements

Once the calibration constants are found, the six-port can measure an embedded
reflection coefficient w= g(P, / B spsq,r, A*,B’) at an unknown reference plane

[10]. The error box calculation (or de-embedding procedure) determines the three
complex constants ¢, d, and e, which relate w to the reflection coefficient, I', at a
chosen reference plane by the following relation:

dl+e
w=
cl' +1

(6.9)

With three well-known standards and with their measured embedded reflection
coefficients w; given by the six-port, one can easily find ¢, d, and e by solving the
linear system given here:

wle-T"d —e=—w,
wIe-Td —e=—w, (6.10)

std std _
wI%c-I57"d —e=-w,

Referring to Figure 6.4(c), for a reverse six-port, the microwave signal must be
injected from the output port (port 2) to the input port (port 1) and we must
present the three de-embedding standards at the left side of the reference plane,
which is physically impossible. To overcome this difficulty, a direct six-port error
box, as shown in Figure 6.4(b), with the three standards connected successively to
the measuring port at the right side of the reference plane is used. For the reverse
six-port error box calculation, the system (6.10) is replaced by the following:
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¢’ d’' )
Wl FStd o Fstd €= _Wl
1 |
! 14
c d
w — —e'=-w (6.11)
2 Fstd FSld 2
2 2
[ !
c d ,
— — _W3

W — — —
3 1std td
IS

where the value I} of the three standards in (6.10) are replaced by 1/T3 in

(6.11). Note that using the value of Ff’d is equivalent to presenting these

standards at the left side of the reference plane, which is valid when I is referred
to the same characteristic impedance (50 Q).

In practice, it is usually convenient to use a short circuit, an open circuit, and a
matched load of 50 Q (I" = 0) as the three de-embedding standards. Unfortunately,
for a reverse six-port error box procedure, the matched load needs to be replaced
by another standard to avoid the I/ " singularity. To circumvent this difficulty, one
can determine the reverse six-port error box by first finding the coefficients ¢, d,
and e of the conventional error box procedure and next deducing the coefficient ¢/,
d', and e’ of the reverse six-port error box using the following relations:

c'=1/c;d'=1/d;e'=1/e (6.12)

These relations can be easily derived by comparing the two sets of linear
equations, (6.10) and (6.11). Measurement results obtained by a reverse six-port
calibrated and de-embedded according to the above procedures confirm the
validity of this technique [9]. The reverse six-port reflectometer is suitable for
performing source-pull measurements at the input of the DUT. The measurement
technique consists of a signal injected into the DUT via the directional coupler.
The reflected signal from the input port of the DUT allows the six-port to perform
measurements in the opposite direction. It should be mentioned that when the
DUT is well matched, the six-port reflectometer will not be powered and will not
operate. However, source-pull measurements are only useful when the DUT input
1s mismatched.

6.3.3 Discussion

In light of (6.9) and (6.12), we can easily see that I'"=1/I" where I'"and I" are,
respectively, the reflection coefficients measured by a six-port in reverse and in
direct configurations. It may seem that this relation can be equally obtained by just
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taking I'=b/a and T"=a/b (where a and b are, respectively, the incident and
the reflected wave), but this is not true. For example, in the case of a direct six-
port measurement, 1/ does not lead to the impedance of the generator and

meas.

has no physical significance. In a direct six-port configuration, the DUT is
connected to port 2 of the six-port reflectometer that measures the ratio ofa, /b, ,

the incoming and outgoing waves at the output of the junction (port 2, in Figure
6.10). This ratio a, /b, represents the reflection coefficient of the DUT, seen from

the left side of the reference plane. In a reverse six-port configuration, the
reference plane is always located at port 2 but the output port of the reflectometer
becomes port 1.

Thus, the reverse six-port junction measures the ratio of g, / b, rather thana, /b,.
The ratio a, /b, shifted to port 2 of the six-port junction by the de-embedding

procedure then represents the reflection coefficient of the test port of the six-port
reflectometer, seen from the load side of the reference plane. Therefore, the
inverse value b, / q, cannot yield the reflection coefficient of the device under test

connected to port 2. In summary, reverse six-port reflectometer measurements
require a conventional calibration procedure to characterize the six-port junction
and a special error box to fix the reference plane. This error box can be obtained
either by using the relations given by (6.12) or by inverting the actual reflection
coefficient I' of the standards used to calculate the parameters ¢, d, and e of the
direct error box.

6.4 SOURCE-PULL CONFIGURATION USING SIX-PORT

The source-pull measurement is aimed at evaluating linear/nonlinear device
performance as a function of source impedance [1]. In source-pull measurement,
the input load varies as a load at the source side. The source-pull is measured
using six-port technique both in passive and active configurations.

6.4.1 Passive Source-Pull Configuration

The passive source-pull techniques are based on the use of a tuner. Figure 6.5
shows the setup for a passive source-pull: the input signal is injected into the
device under test (DUT) via a directional coupler, and the source impedance is set
with a stub tuner. The six-port in such an arrangement is operated in reverse
configuration and measures the source impedance seen at the reference plane.
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Figure 6.5 A passive source-pull measurement system.

6.4.2 Active Source-Pull Configuration

Figure 6.6 shows the setup for an active source-pull measurement. This setup uses
a variable attenuator and a variable phase shifter. The attenuator and phase shifter
values can be varied during the measurement.

O cCcaOcdcd

fchannel Powermeter

DUT

Phase
Shifter

/ Isolat
Attenuator 'So'ator

Figure 6.6 An active source-pull measurement system.
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The six-port in this setup is used in reverse configuration allowing the
measurements of the source impedance seen at the reference plane. As may be

seen, the active source-pull configuration has more flexibility and accuracy in
comparison to the conventional passive source-pull technique.

6.5 LOAD-PULL CONFIGURATION USING SIX-PORT
The load-pull measurement evaluates linear/nonlinear device performance as a
function of load impedance. Both passive and active load-pull measurement

setups can be realized using the six-port technique.

6.5.1 Passive Load-Pull Configuration

The passive load-pull configuration, as shown in Figure 6.7, comprises two six-
port junctions, SP1 and SP2 and two tuners, T1 and T2. This configuration allows

T T T
! 1| sP2
m ; : IN  OuT, T2
lin
! !
!
!
|

Figure 6.7 Six-port based passive load-pull measurement configuration.
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the evaluation of a large-signal input impedance I, ( f ) of the TUT and the

power delivered to it P, ( f ) by means of SP1 as shown in the Figure 6.7.

The source impedance seen by the DUT at its input can be changed by varying
the stub positions of T1 as follows:

L, (f):b1/a1 =1 (f) (6.13)
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L of k(DB 1l ()]

: (6.14)
1+ ¢ (£)T, (f))

In opposition to I', ( f ), the source impedance I ( f ) cannot be determined

online using the conventional calibration and measurement approaches describing
the operation of the six-port reflectometer in direct or forward mode. As
presented in the previous chapters, a straightforward technique to solve such a
problem is to perform a precalibration of T1 using a network analyzer that gives
the impedance of the tuner’s port connected to the TUT DUT as a function of the
tuner’s stub positions. This technique requires a repeatable and high quality
computer driven tuner.

The reflection coefficient associated with load impedance and the power
absorbed by the load, are measured with SP2 operated in direct configuration (port
1 is connected to the DUT and port 2 to the load) and can be calculated as follows:

T, (f)=a,(/)/b,(f) (6.15)
k ()P (-, ()

1, p 2 2 i
PL = — b2 - 2 = ’
(/) 2(‘ [ =la:) ‘1+c2 (f)r, (f)‘

(6.16)

SP2 operated in forward configuration provides the value of I'y; consequently, I';
can be easily obtained as follows:

r, :M (6.17)
o, +1

where o, B, and 6 are the complex coefficients modeling the two-port network
delimited by the reference planes where I'; and I'; are defined and measured. a, J3,
and & parameters can be determined beforehand using the short open load de-
embedding technique. Section 6.6 provides the necessary equations to de-embed
both the reflection coefficient and the power flow measurements between different
reference planes and through different error networks.

The passive source-pull tuning configuration, as shown in Figure 6.5, and
explained in section 6.3.1, allows the measurements of the source impedance,
which has to be retuned for every load impedance to maximize the power
absorbed by the DUT. In case of a DUT that can be considered unilateral (s,,~0),
the position of this input tuner can fixed once for a maximum power transfer at the
input of the transistor (I';=I';,*).
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6.5.2 Active Branch Load-Pull Configuration

The active load-pull measurement system is basically a six-port network analyzer
that incorporates two six-port junctions including phase and amplitude signal
controllers inserted in one branch. The active load-pull configuration is shown in
Figure 6.8.
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Figure 6.8 Six-port based active load-pull measurement : (a) configuration and (b) measurement
systems.

The two six-port junctions are calibrated independently for impedance and power
flow measurements in a reflection mode operation. The active load-presented to

the TUT, Z, ( f ) , can be varied by changing the phase and the amplitude of the



134 The Six-Port Technique with Microwave and Wireless Applications

injected signal a, ( f ) at the output of the TUT. The active load-pull measurement

system is presented in Figure 6.8.

The complex value of Z, ( f ) can be deduced from the measured reflection

coefficient, I', ( f ) , obtained by the second six-port reflectometer SP2 as follows:

1+T
Z,(f)=2, 1J_rrL E;; (6.18)
(f)=— (6.19)
' r,(f) '

The absorbed power by the active (electronic) load presented to the DUT can be
calculated using the following expression:

P (f)=B(f)T.(f) (6.20)

‘2

6.5.3 Active Loop Load-Pull Configuration

An alternative technique to realize active load-pull measurement is the active loop
method. The active loop architecture is shown in Figure 6.9; a directional coupler
placed at the output of the DUT (the loop coupler) takes part of the signal and
sends it to a variable attenuator, a phase shifter, a tunable filter, and an amplifier.
The loop also uses a circulator upstream from the amplifier. Then, the signal is re-
injected back in to the DUT output. In this configuration, the reflection coefficient
provided to the DUT does not change with the output power if the loop amplifier
is in the linear region and has a constant gain [2].

Phase) Tunable

Circulator Aﬁr

Figure 6.9 Six-port active loop load-pull measurement system.
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6.6 SOURCE-PULL/LOAD-PULL CONFIGURATION USING SIX-PORT

The source-pull/load-pull technique is a characterization method of DUT based on
the output performance’s optimization by tuning output and input impedances
seen at DUT accesses. Similar to the load impedance, the impedance of the source
providing the input signal for the DUT also plays a role in its behavior. The source
impedance presented at the device input can influence output characteristics like
linearity or optimum load impedance.

A passive source-pull/load-pull configuration is shown in Figure 6.10. The input
and output tuners may be replaced with active source and active load
configurations. To implement a source-pull/load-pull measurement system, the
source switch position 1 is used. In this position, the switch connects the source
signal in the load-pull configuration. In such a configuration, one can measure
directly (I';,, P;,) and (I';, P;) using SP1 and SP2 operated both in the forward
configuration for a fixed position of the input tuner presenting I'; to the input of
the DUT. Knowing I';, one can easily obtain I',,, using (6.17) along with the
SOLT de-embedding technique to determine the three error box parameters.

ol , +
out = - ﬁ (621)
or, +1

where a, B, and o are the complex coefficients modeling the two-port network
delimited by the reference planes where I'; and I',,,; are defined and measured.

The I’y presented to the device can be determined by operating the input six-port
SP1 in reverse configuration through the appropriate setting of the three switches
connected to the input tuner, the generator, and the input directional coupler in

ik

r

out

Figure 6.10 A block diagram of source-pull/load-pull configuration.

Hence, the source impedance can be varied and adjusted for any position of the
load impedance. Accordingly, the source-pull/load-pull provides a solution for
simultaneous measurement of both the input reflection coefficient of the device
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under test (DUT) and the reflection coefficient of the synthesized source with
variable impedance [1,3].

6.7 A DE-EMBEDDING TECHNIQUE FOR ON-WAFER LOAD-PULL
MEASUREMENTS

An absolute de-embedding technique for simultaneous impedance and power
measurements suitable for on-wafer load-pull measurements of microwave
transistors is proposed [1,3-7]. This technique allows one to perform impedance
and power calibration of a network analyzer directly from the embedded reflection
coefficient measurements. This technique requires two sets of open-short-load
calibration standards, one coaxial and one noncoaxial such as coplanar (CPW). An
absolute power calibration performed at the coaxial reference planes using a
standard power meter is also required for accurate power flow measurement
purposes at the coplanar reference planes of the microwave probes needed for on-
wafer measurements.

6.7.1 Calibration and Measurement Techniques

A general formulation of the problem is illustrated in Figure 6.11, where (A,B)

are two error box networks delimited by the network analyzer reference planes
and the coaxial reference planes; (A',B') are two error box networks delimited

by the coaxial reference planes and the coplanar reference planes at the tips of the
microwave probes. Let ([A],[B]) and ([A'],[B']) designate the transmission

matrices of these two pairs of error box networks.

The reflection coefficients at both coaxial and coplanar reference planes are
related, respectively, to the reflection coefficients at the network analyzer
reference planes and the coaxial reference planes (see Figure 6.11) as follows:

) Tip probe planes
NA plane Coaxial plane pljn/ \ Coaxial plane NA plane

AN~ A ——DUT | B B’

r, plo[r P 5L (7l

Figure 6.11 On-wafer impedance and absolute power calibration procedure.
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r
=%l at% (6.222)
o, I, +1
fl—\f + !
rr=teath (6.22b)
osI7, +1
I
I = Bl +B, (6.22¢)
B}FB +1
fl—\f + !
rr Pl 4By (6.22d)
B3I, +1

where a,, o, B,,and B/ are the error box parameters, which can be calculated
using four OSL calibrations, two at the coaxial reference planes and two at the
coplanar reference planes.

The two power flows at the coaxial reference planes can be calculated as follows

[6]:

k' P
Pl =4t (6.232)
\1+a;r'A
'P
P = LSBZ (6.23b)
1+BiT,

where P, and P, are two power readings sampled by two directional couplers
as shown in Figure 6.1. These directional couplers can be placed within the
network analyzer or can be inserted between the coaxial reference planes and the
coplanar reference planes and £/, k, are power calibration factors which can be

calculated by connecting an absolute power meter successively at both coaxial
reference planes as follows:

2
P, |1+al’

k; _ _arm ‘ 3 ’APMJ (6.24a)
R@APM (1_ FAPM‘ )
Pyput [14B Ty |

ki = (6.24b)

, 2
PSBPM (1_ FBPM‘ )
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where P

>y and P are the power readings of a standard power meter when it is

connected to successively to the coaxial reference planes; A, and Py, are the

two sampled power readings, and I, and I'},, are the measured reflection

coefficients when the standard power meter is connected successively to the
coaxial reference planes. The power flow at the coplanar reference planes can be
calculated as follows:

kP,
P =44 (6.25a)
1+a'T,|
ky P,
)y =—2 % (6.25b)
1+B'T |

n

where the value of £, ,k,, o ,and B" can be calculated using the following

expressions written below and without any need to perform extra power
calibration at the coplanar reference planes:

!

‘O(‘l _a2a3‘kA

k,= — (6.26a)
‘1+ oc3FA‘

kLl (6.26b)
a0, +1

_ k'

ky = M (6.26¢)
[1+B5T

Blr — B3,+ BSBI (626d)
PiB, +1

In this section, an alternative technique for the on-wafer de-embedding of
impedance and power flow measurements is proposed This technique requires
two OSL sets of calibration standards, one coaxial and one coplanar. A coaxial
power detector is also needed for power flow calibration purposes. The main
advantage of this technique is that no second power calibration at the tips of the
coplanar probes is needed. Such a power calibration is almost impossible to
perform because there is no accurate coplanar power sensor that can be connected

to the tip of the probes to calculate k , and kB .
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6.8 APPLICATIONS OF SOURCE-PULL MEASUREMENTS

In the conventional application of a six-port to characterize a DUT, the microwave
signal generator is connected to the input port, the DUT is connected to the output
port, and the four remaining measuring ports are used for power detection
purposes. This configuration allows the six-port to measure the power absorbed by
the device under test and of the generator has no effect on the measurement of the
six-port; therefore, it is impossible to get information about the effect of the
source impedance on the performance of the DUT.

In certain situations, such as in the characterization of mixers, oscillators, or
noise measurements, it is more desirable to vary the generator impedance and
measure its reflection coefficient than to measure the reflection coefficient of the
DUT. Such source-pull characterization is not possible, either by using an
automatic vector network analyzer or by using the conventional six-port
configuration. In this section, an approach for source-pull measurements of active
two-port devices using a six-port reflectometer in reverse configuration is
presented. The microwave source, the DUT, and the measuring reference plane
are all placed at the output of the six-port junction. A tuner is connected at the
input of the six-port junction. In this arrangement, the six-port can drive
simultaneously the input of the DUT and perform source-pull measurements.

6.8.1 Low Noise Amplifier Characterization

An important part of low noise amplifier design is the measurement of the
transistor’s noise figure and the determination of noise parameters. Figure 6.12
shows a setup for noise characterization using the reverse six-port source-pull
measurement technique. The six-port junction is calibrated at all test frequencies
and measures the source impedance seen by the DUT. Obviously, the microwave
generator must be turned off when the noise source is on for noise measurement
and vice versa. The stability of the DUT is also important during this
characterization. The noise figure can be determined using the noise source and a
noise meter and a standard measurement procedure.

The noise figure is obtained as [14]

Gpyr N, + N
NFDUTZIOIOg{ DUT” Vin added}

DUTNin

(6.27)

where N,44.41s the difference between measured output noise level and the noise
level at the input of the device, Gpyr is the gain of the DUT, and N;, is the
available noise power at input of the DUT.
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Figure 6.12 Using a reverse six-port reflectometer for noise characterization. (Copyright 1995 IEEE
from [14].)

The advantage of the six-port source-pull based noise measurement is that the
six-port in reverse configuration gives the source impedance for any tuner position
without any need to premeasure and calibrate the tuner in advance using the
network analyzer. In addition in this setup tuner repeatability is not an issue at all.

6.8.2 Mixer Characterization

Mixers employ mostly the nonlinearity of the active device to generate
intermodulation products. Thus, their behavior depends strongly on the load and
the LO and RF source impedance terminations. Computer-aided design
approaches using harmonic balance methods allow the optimization of the input
and output matching impedances, but the accuracy of the analysis relies on the
device modeling.

In practice, it is possible to optimize, at the same time, the input and the output
impedances by using a reverse six-port reflectometer to perform source-pull
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Figure 6.13 Experimental setup for the source-pull characterization of MESFET gate mixer. (© 1994
from IEEE [9].)
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measurements at the input and a direct six-port reflectometer to obtain load-pull
measurements [15] at the output of the DUT.

The mixer performance can be optimized by increasing its conversion gain, by
improving return losses at its ports or even its linearity. The advantage of the six-
port source-pull based mixer characterization is that the six-port in the reverse
configuration gives the source impedance for any tuner position without the need
to premeasure and calibrate the tuner in advance of using the network analyzer.

In addition, in this set-up tuner repeatability is not important. The experimental
source-pull/load-pull characterization of a GaAs MESFET as a mixer is shown in
Figure 6.13. This technique can be used to find the optimal input RF and LO load
impedances of a MESFET gate mixer. The measurement results of the
characterization of the mixer are presented in [9].

6.8.3 Power Amplifier Characterization

Figure 6.14 shows a common setup for power amplifier characterization. The use
of reverse six-port reflectometers allows for the measurement of the source and
load impedances presented to the transistor by input and output tuning.
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Figure 6.14 Two reverse six-port reflectometers for power amplifier characterization.
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The PA designer can verify the transistor sensitivity in power gain versus
termination impedances and can easily optimize the output power, the amplifier
gain, the power-added efficiency, or the intercept point of the transistor [16]. The
power relations are obtained as follows:

B, (f) =] a=[r, (1)) (6.282)
B (f)=lal a-|r, (£ (6.28b)
Power — gain = ];_Oi’ (6.28¢)
paE = fou = b (6.28d)

dc
where it is assumed that the dissipated dc power is known to calculate the power-
added efficiency (PAE).

6.9 SOURCE-PULL/LOAD-PULL OSCILLATOR MEASUREMENTS

The characterization of active microwave devices is generally done by the
measurement of S parameters using automatic network analyzers (ANA). The test
port impedance of the ANA seen by the active device under test is the normal line
characteristic impedance of the measurement system (50Q). It must be noted that
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such a test port impedance cannot normally be varied during measurements. This
constraint is not convenient when measuring active devices with a negative
resistance (e.g., diode, transistors, and so forth), because oscillations might occur
during characterization whenever the negative resistance of the device exceeds
50Q. In this section a six-port reflectometer with variable test port impedance is
considered. The six-port junction was specially designed to allow the variation of
the test port impedance over almost the entire Smith chart. Such a reflectometer is
found suitable for a large signal active microwave device characterization such as
microwave source-pull/load-pull oscillator measurements [17].

6.9.1 Six-Port Reflectometer with Variable Test Port Impedance

By using the transparent six-port assumption, from (6.4) it can be seen that to
obtain a variation of the test port impedance, it is sufficient to vary the internal
impedance of the generator [17]. The variation of the test port impedance can be
performed by the use of a three-stub tuner inserted between the signal generator
and the input port of the six-port junction, as shown in Figure 6.2.

The generator and the three-stub tuner can be considered equivalent to a
generator with variable test port impedance. Based on the above consideration and
by using an appropriate calibration method, nonsensitive to the source power level
variation and to the internal source impedance [11], the calibration parameters of
the six-port reflectometer obtained for given tuner stub positions are valid for any
position of the stubs.

6.9.2 Oscillator Measurements

Source-pull/load-pull oscillator measurements monitor both the oscillator power
and the frequency as a function of the load impedance seen by the oscillator under
test. The impedance seen by the oscillator can be changed and, at the same time,
known over the quasi-entire Smith chart, by simultaneously changing and
measuring the test port impedance of the six-port junction.

Figure 6.15 shows a block diagram of an experimental setup for source-
pull/load-pull oscillator characterization using the reflectometer with variable test
port impedance. The reflection coefficient associated with the load impedance Z;
seen by the oscillator is directly deduced from the measured reflection coefficient

I',, as follows:

I +1
Z, =7 = 6.29
L OF _1 ( )
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Figure 6.15 A block diagram of the experimental setup for source-pull/load-pull oscillator
measurements. (© 1992 IEEE from [17].)

where Z  is the characteristic impedance of the measurement system (50Q). The

available power P, from the oscillator can be calculated using the six-port
calibration parameters and the power calibration parameter as follows [18]:

_KNBRWI ()]
[1+e()T, (A

where c( f ) is the de-embedding calibration parameter obtained by the six-port

(6.30)

error box calibration at the oscillator frequency f, k( f ) i1s a scalar parameter

obtained by the power calibration at the oscillator frequency f, B ( f ) is the

power reading at port 3 of the six-port junction at the oscillator frequency f, and
r, ( f ) is the reflection coefficient measured by the six-port reflectometer at the

oscillator frequency f-

The impedance seen by the oscillator can be simultaneously varied and measured
over the quasi-entire Smith chart by changing the tuner stub positions and
measuring the test port impedances of the six-port junction. The available power
from the oscillator under test P, is easily obtained at any tuner stub position and at
any operating oscillator frequency using (6.29) and (6.30).

The oscillator frequency is measured by using a directional coupler and a
frequency counter as shown in Figure 6.15. The six-port reflectometer is
calibrated at discrete frequency points centered on the nominal oscillator
frequency. The measurement results of the characterization of an oscillator are
presented in [17].
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6.10 AM-AM/AM-PM DISTORTION MEASUREMENTS OF
MICROWAVE TRANSISTORS USING ACTIVE LOAD-PULL

Low phase distortion MESFET power amplifiers and limiters are key components
in systems where the information is related to the phase of the microwave signal.
For an accurate and quick design of linear solid state power amplifiers (SSPAs)
and power limiters in hybrid microwave integrated circuits (HMIC) and
monolithic microwave integrated circuits (MMIC) technologies, transistor
characterization in terms of phase distortion measurements is highly
recommended. The AM/PM distortion behavior can be described by the relative

phase shift versus input power, ¢(P,) and the AM/PM conversion coefficient £ is

in degrees per dB. Various methods for measuring the AM-PM conversion
coefficients at intermediate frequencies have been published [19,20].
However, for microwave/millimeter wave amplifiers, it is less complex and

tedious to obtain the characteristic ¢(P, ), by single-carrier power sweep

measurements [21]. Then, if needed, £ can be found by derivation of ¢ with

respect to P, (d¢ / dP,) . Actually, the measured ¢(F,) curve as a phase transfer
function is more general to characterize the AM-PM distortion performance of
microwave transistors and power amplifiers. In addition, the ¢(P,)

characterization is especially useful for microwave limiters, where the variation
range of the phase shift over a given power range beyond saturation is the main
concern [22].

This section presents an approach to simultaneously investigate the AM/PM
characteristics along with the AM-AM characteristics as the functions of the
power level and the load impedance over the Smith chart using the six-port. For a
designed performance in terms of output power, efficiency, and AM-PM
distortion, this comprehensive characterization can provide data for improving the
design of limiting amplifier or SSPAs driven by time-variable envelop signals.
The proposed approach is based on the principles of a dual six-port network
analyzer [21] and the active loading technique [23]. In comparison with the setups
employing heterodyne network analyzers, the advantages of this measurement
setup are: (1) the impedance and power measurements are performed at the actual
power level of the device, and no extra attenuators are needed for power device
characterization; (2) the AM-PM characterizations are carried out at the input and
output reference planes of the device under test, loaded by arbitrary impedances;
and (3) the cost of this system is much lower than the cost of the setups using two
automatic network analyzers for AM-PM distortion load-pull measurements.

6.10.1 Principle of Operation

The measurement system is shown in Figure 6.16. As shown, two six-port
junctions, associated with the amplitude and phase controllers, can be utilized for
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Amplitude and Phase
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Figure 6.16 Block diagram of load-pull phase of distortion measurement system. (© 1995 IEEE from
[21].)

active load-pull techniques. Meanwhile, the measurement system can be viewed
as a three-port network with reference planes 1, 2, and 3. In order to measure the
input-output phase shift of the transistor under test (TUT), three two-port passive
standards, Z1, Z2, and Z3, are introduced to obtain a calibration coefficient. Due
to the fact that the three-port network has fixed network scattering parameters
during the four measurements of the TUT, Z1, Z2, and Z3 for a fixed setting of
the amplitude and phase controllers, we can obtain the following equations
expressed in matrix format [10].

S, AQ-T',DS,,DH S, OLA) || x rM-=S,1)
S12 (2) A(2) _Fl(z)Szz (2) S12 (2)F1(2) X | = Fl(z) - S11(2) (6-31)
S12 (3) A(3) _F1 (3)S22 (3) S12 (3)F1 (3) X3 1—‘1(3)_ S11(3)

where x; is related to scattering parameters of the three-port network for a given
amplitude and phase setting; A(k) =S, (k)S,, (k) - S, (k)S,, (k) and S;(k) k =1,
2, and 3 are the known S parameters of three standards Z,, Z,, and Z;. T'y(k), k=1,
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2, and 3 are measured by six-port 1, when the test path is connected to Z;, Z,, or
Z;, respectively.

The three two-port standards, Z;, Z,, and Z;, are three coaxial transmission lines
with different lengths. Note that we have purposely selected them to make the
phase of Six(1), S12(2), S12(3) deviate from each other about 120°, in order to
ensure a good condition number of (6.31). The following equation can also be
derived [4] to calculate the coefficient g, that is, the ratio of the incident waves at
reference planes 2 and 1, as shown in Figure 6.17.

a2, _ 'xl +'x3rl (T)

- (6.32)
a1+ (T)

g:

where x; is obtained by solving (6.31); I';(7') and I',(T") are measured by six-

ports 1 and 2, respectively, when the test path is connected to the DUT.

Then, the coefficient g has to be de-embedded to the input and output ports of the
DUT (reference planes 7 and 7). As shown in Figure 6.17, the DUT includes a
transistor. The network M (or N) consists of the single-pole four-throw switch
SP4TI (or SP4T2), the bias tee, and a half part (input or output) of the test fixture.

W W,
i 3
| il

T_

Figure 6.17 Error-box models for de-embedding procedures and computations.

We obtain
b = S/\a +S)b, (6.33a)

a, = Smal +Sib, (6.33b)
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and
a, =S\b, +S},a, (6.34a)
b, =S)b,+S,,a, (6.34b)

where S and S are the S parameters of the networks M and N. Also, we have
['(T)=b//a]andT',(T)=b,/a,. From the above equations, a,/a; can be
developed and related to coefficient g as follows:

ﬁ: Sl’; FZ(T)Slnl —A”
aQ Sznl I (T)Sz’g —A”

(6.35)

where A" =SS, =SS5, and A" =§\S, —S,S;,. Since the switches SP4T1
and SP4T2 are operated under linear conditions, the S parameters of networks M
and N are constants when P;,, sweeps, and they can be obtained using de-
embedding method such as TRL [24].

According to the definition of the normalized waves a and b, the ratio of the
voltages at the output and input ports of the DUT for any arbitrary load at a given
P;, is determined as follows:

V, _a,+b, a, 1+1/T, (6.36)
V. a+b a 1+T, '

where a, / a, is obtained by (6.35), I', is the input reflection coefficient of the
DUT, and I, is the load reflection coefficient presented to the TUT.

In brief, by means of the switches, I',(1), I',(2), I';(3), I';,(1), I',(2),
I'3), I'(T'), and I',(T') can be measured when the Z,, Z, Z; and DUT are
inserted in turn for a fixed setting of the amplitude and phase controllers.
Meanwhile, it’s easy to obtainl’, , P, and I',, P, with the de-embedding
techniques when I',(7") and I',(T") are measured by six-port 1 and six-port 2

[13]. Therefore, the phase shift of the DUT can be determined by (6.31 through
6.36). The harmonics are filtered, as shown in Figure 6.14, to ensure that the
signals detected by the power-meter are the fundamental components only.

The phase distortion, ¢, is defined as an input-output phase shift, relative to the

reference phase shift value at a given lower input power Pl.;ef (small-signal

operation mode) for a given load impedance. Thus, the pertinent relative phase
shift corresponds to the change of the angle of V,/); when P,, increases. The
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measurement (¢ = f(P,)) of the AM-PM distortion behavior, followed by the

calculation of the derivative(d¢/dP,), provides the AM-PM conversion

coefficient. Similarly, the AM-AM distortion is described by the deviation of the
gain from its value at a small-signal input power level. Due to the fact that P, and

P,, are already measured, the operating power gain (G, = g(F,) ) can be deduced

and the AM-AM conversion coefficient can be determined by the derivative

(de /de) [19, 21].
6.10.2 Measurement Procedure

Traditionally, the load-pull has to be carried out for each given P;,, with
variable I, . This results in a large number of measurements and adjustments. The

present experimental procedure performs the active load-pull measurements by
fixing the positions of the amplitude and phase controllers and sweeping the input

power. In such conditions I', changes, as P;, is swept. Then, the amplitude and

phase controllers are adjusted at new positions and the measurements are
performed with another sweep of P;,. Finally, the load-pull contours for a given
P;, can be extracted from the recorded measurement database.

In addition, the characteristics (P, ~P, ) and (¢ ~ P,) for a given I', can be

obtained as a postmeasurement calculation result. The power-added efficiency
PAE and Gp can also be deduced. It is known that in an active load-pull system,

when P;, changes it is difficult to maintain the required I", value by adjusting the

amplitude and phase controllers. This problem can be circumvented by means of
the above alternative procedure. The error sources in the proposed approach are
mainly due to the following four aspects. First, the measurements are made by
increasing the input power and not by amplitude modulation as in the actual
operation mode. Therefore, the dynamic effect of the AM modulation, which
becomes more significant by increasing the modulation bandwidth, is ignored.
Second, the self-heating effect can introduce a drift in the electrical operational
conditions. To minimize this effect, the temperature of the fixture of the transistor
investigated has to be maintained almost constantly by circulating a flux of air
during characterization. Third, the measurement accuracy can also be diminished
if the power level exceeds the operational range where the switches are linear. It is
preferable to use mechanical switches instead of solid-state switches when
characterizing high-power devices. Fourth, the extraction of the pertinent data
from the raw database and the postmeasurement calculations using interpolation
routines might introduce error. This effect can be reduced by increasing the
amount of experimental data.
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6.11 TIME-DOMAIN WAVE-CORRELATOR FOR POWER AMPLIFIER
CHARACTERIZATION AND OPTIMIZATION

Time-domain waveform measurement techniques are considered one of the most
useful methods for characterizing nonlinear microwave devices and amplifiers.
This is especially important for switching-mode and harmonic-controlled circuits.
The principle of highly efficient operation is to allow for a specific amount of
higher harmonic content in the current and voltage waveforms at the transistor
output terminals. In this way, power dissipation in the device is minimized by
avoiding the simultaneous presence of high currents and voltages in the device.

In order to verify proper operating conditions or to tune a circuit, it is essential to
measure and analyze the waveforms. Moreover, information about the amount of
magnitude and phase of spectral components in the output waveforms of a
nonlinear device under a large-signal stimulus is important for a better
understanding of the electrical behavior and for accurate large signal modeling of
the device under test (DUT). At microwave and millimeter frequencies, high-
speed sampling oscilloscopes [25], special vector network analyzer (VNA) setups,
optical sampling systems [26], and microwave transition analyzer (MTA)
techniques [27, 28] have been used.

In this section, an approach for high-frequency time-domain voltage and current
waveform measurements using six-port junction is described [29]. The advantage
of this waveform measurement setup is its relatively low implementation cost
compared to all the above-mentioned measurement techniques, especially at
millimeter-wave frequencies.

6.11.1 Time-Domain Waveform Measurement

One method of determining time-domain voltage and current waveforms consists
of measuring the complex Fourier coefficients of the waves in the frequency
domain. By accurately determining the magnitude of the dc component (V,, 1,), as
well as the magnitude and phase of the fundamental (V; ;) and harmonic
frequency components (V,, I,), the time-domain waveforms can be calculated
from the measured coefficients by using the well-known inverse Fourier
transformation

_ N J2mnfot
and
i(1)=Re{d_1,e"*™"} (6.38)
n=0

where n denotes the harmonic order, f; is the fundamental frequency, and m is the
total number of included harmonics. The dc components, V,, I,, are routinely
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measured directly with a biasing instrument; however, the measurement of the
complex Fourier coefficients V,, I, for n>1 is more difficult. Here, these
measurements with a deliberately modified six-port reflectometer have been
performed. To be able to determine the waveforms at the DUT output plane, the
measurement of the complex voltage traveling waves, also called pseudo-waves
[30], is performed at the fundamental (f; ) , second (2f; ), and third (3f; ) harmonic
frequencies.

At a given reference plane, V, and 7, in (6.33) and (6.34) are related to the
incident and reflected voltage traveling waves by [30,31]

V.=a +b, (6.39)

and

) (6.40)

where Z, is the characteristic impedance of the system, typically 50Q. By
measuring the pseudo-reflection coefficientI’, = a, /b, , the magnitude and phase

of the voltage traveling wave a, can easily be determined if the voltage traveling
wave b, is delivered by a reference generator, that is, its magnitude and phase of
its harmonic contents are well known. By measuring the pseudoreflection

coefficient I' at a given reference plane by means of a six-port reflectometer, the

voltage and the current frequency components can be deduced according to (6.39)
and (6.40).

A multiharmonic generator is used to generate the harmonic-rich voltage wave
with well-known magnitude and phase components, as a reference signal
generator for the time-domain waveform calibration [29]. It is preferable that the
reference generator consists of a step recovery diode (SRD) excited by a
continuous wave (CW) RF signal at the fundamental frequency GHz. In most
cases, to reach an adequate input drive level for the SRD, a high-gain amplifier is
required.

6.11.2 Multiharmonic Six-Port Reflectometer

As discussed in Chapter 3, six-port junctions are in most cases designed using
directional couplers and power dividers that can cover several octaves of
bandwidth. However, the detection block of a conventional six-port reflectometer
is not able to discriminate the different spectral components because it only
detects the total power at the detection ports. Time-domain waveform
measurements, however, require the measurement of a few complex Fourier
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coefficients of the signal. In order to perform this measurement, the power
detection block of the six-port reflectometer is modified, as shown in Figure 6.18,
to become frequency selective and, hence, allow for multiharmonic
measurements.

The power detection block consists of a single-pole-four-through (SP4T) switch,
a tunable yttrium—iron—garnet (YIG) filter, and a power meter. For harmonic
measurements, the YIG filter is adjusted to pass only one harmonic frequency
component at a time from the output of the SP4T switch to the power meter.
Using the SPAT switch to successively switch from Ports 3 to 6 and detect the
powers, the reflection coefficient I' = b/a can be measured in magnitude and phase
according to (6.37). The measurement procedure is detailed next. The YIG filter is
centered at fy,. Port 3 is selected by means of the switch SP4T and the power is
measured. Before tuning the YIG filter to 2f, , the powers at Port, 4, 5, and 6 are
measured. In the following measurement cycle, the filter is adjusted to 2f; and the
powers at Ports 3, 4, 5, and 6 are determined. Finally, the filter is set to 3f; and the
power detection steps are repeated.

Before every measurement, the repeatability of the YIG filter adjustment and the
switch contact quality has to be checked. The multiharmonic six-port
reflectometer is calibrated at fo,, 2f;,, and 3f;,. The relationship between the
measured powers at Ports 3, 4, 5, and 6 (P;,, P4, Ps, and Pg, ) and the output
power, Poyr,and the reflection coefficient, I';, , are given by [29]:

2

. 1+ 4T
114 — ln + 147}1 Sn (6.4 1 )
1)3}1 1 + A3nrsn
1
where I' | =——and
Ln
Pn 2
A A;Fm (=g, (6.42)

k, and A, (fori=4,5, 6) are determined by the six-port calibration procedure.
The constants k,,, are determined by an absolute power calibration method using a

reference power meter; n represents the harmonic order.

The six-port reflectometer calibration principles for time-domain voltage and
current waveform measurements are shown in Figure 6.19. The Fourier
coefficients of the harmonic-rich reference voltage wave 4, generated by G,
have to be well known in both magnitude and phase. Unlike A4,, the spectral



Source-Pull and Load-Pull Measurements Using the Six-Port Technique 153

content of B,, generated by G,,, does not have to be known. Therefore, it can be
any arbitrary multiharmonic generator [29].
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Figure 6.18 Multiharmonic SP reflectometer topology. (© 2008 IEEE [29].)
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Figure 6.19 Definition of the calibration principle of the SP reflectometer for time-domain

voltage and current waveform measurements.
6.11.3 Time-Domain Voltage and Current Measurements

The complete architecture of the proposed source-pull and load-pull measurement
system suitable for determining high-frequency time-domain waveform
measurements is shown in Figure 6.20 [29].

In the time-domain measurement plane, ['py;, represents the reflection
coefficient presented by the DUT output impedance. I's,, represents the reflection
coefficient presented by the source impedance of the six-port reflectometer SP3
when the harmonic generator is OFF (i.e., B,=0.) T, is the reflection coefficient
measured by SP3 in reverse configuration, when the DUT, multiharmonic
generator, and the load impedance tune system are in operation.

The waves B, and K,b,, are injected by the multiharmonic generator and DUT,
respectively. If the directional coupler C1 provides high directivity, K, is a
complex constant. Otherwise, K, is not constant, but rather a function of the
reflection coefficient provided by the load impedance tune system. a, and b, in
Figure 6.20 are defined as total voltage waves in the time-domain measurement
plane traveling toward SP3 and the DUT, respectively.

A similar equation to (6.40) can be derived to express the voltage wave reflected
from the output of the DUT and is denoted as b,, in Figure 6.20 as follows:

_i (FDUTnFn -1

KT ) (6.43)

6Pn
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Figure 6.20 Complete architecture of the proposed source-pull and load-pull measurement system
suitable for determining high-frequency time-domain waveform measurements. (© 2008 IEEE [29].)

Whereas B, in (6.43) has been determined in the calibration procedure by
replacing the DUT with a reference generator, K, I'pour, and I'g,, need to be
measured with either a six-port reflectometer or a VNA. b,, can now be
determined and can be calculated according to

a, =b,T, (6.44)

2n

where I', is measured by the six-port reflectometer SP2 in Figure 6.20. A

drawback of measurement systems using SP reflectometers in a reverse
configuration is the drastic loss of measurement accuracy in a 50Q environment.
This is not an issue, however, for source-pull and load-pull systems since the
impedance levels are typically different form the system reference impedance,
ensuring sufficient precision for the reflection coefficient measurement in the
proposed setup. Finally, voltage and current waveforms at the DUT output port
are obtained using (6.39) and (6.40) as follows:

V =b, +a,, (6.45)
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=2 (6.46)

Depending on the bandwidth of the six-port junction, the frequency selective
detection module, and the fundamental frequency, in most cases measurements of
V and [ at three to five harmonics are sufficient to determine the shape of time-
domain voltage and current waveforms accurately for amplifier design
applications.

The instantaneous voltage Vpyr and the current Ipyr waveforms at the output
terminal of the DUT are given by

3
Vour (1) =Re{D>_V,e/*™"} (6.47)
n=0
and
3 . S
Iyyr (1) =Re{d 1,e”*™"} (6.48)
n=0

and V,, I, (n=1,2,3 ) are measured with SP2 and SP3, whereas V, I, are measured
with a bias instrument. This setup was implemented and used for a medium-power
device optimized for maximum efficiency to demonstrate the capability of the
measurement system.

Time-domain voltage and current waveform measurements were performed with
the setup and compared to those obtained with a microwave transition analyzer
(MTA) based system. The measured time-domain voltage and current waveforms
at the output terminal of the FET are presented in Figure 6.21. The maximum
relative error of the measured waveforms is approximately 4% [29].
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Chapter 7

Six-Port Wireless Applications

There is increasing demand for reduced complexity and power consumption in the
design of wireless terminals. Furthermore, wideband, compact-sized, and low-cost
digital transceivers are required to expand mobile and wireless communications.
Use of a multiport homodyne technique is interesting in wireless communications
due to the utilization of power detectors instead of mixers. This technique
provides simpler circuits in comparison with its heterodyne counterpart. The
advantages of such an approach are manifold. First of all, the broadband
specifications can be easily achieved by passive elements. Moreover homodyne
technique ensures low power consumption. In addition, its hardware architecture
is proposed as a means to avoid more costly transceivers. The objective of this
chapter is to study the multiport transceivers and their wireless applications.

7.1 MULTIPORT TRANSCEIVER

In this section, the operation of multiport structures as modulators and
demodulators is discussed.

7.1.1 Multiport Modulator

In a multiport modulator, some versions of the LO signal under various
amplitudes/phase angles are discussed, where the amplitude and phase of the
collected signal are properly achieved. The multiport transmitter uses some
variable reflectors and one collector, instead of conventional mixers. Figure 7.1
shows the functional block diagram of a multiport modulator, which consists of
one input, one output, and N reflection ports. The input signal is the local

reference signal, a,,(t). The multiport structure produces N various versions of

the LO signal and combines them in the output ports.
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Figure 7.1 Functional block diagram of an N-port modulator.

The multiport junction is assumed to be a linear network, so the output signal of
the multiport structure is as follows:

N
Ay = .88 ay, o k=12,..,.M
i=1

{Sn = |S1'l | e

S2i — |S2j | ej¢2/

(7.1)

where S are the scattering parameters of the multiport structure, and I is the

kth value of the reflection coefficient at the ith port using K reflection states. The

input and output signals are shown as a,, and a,, , respectively. For a specific

RF >
multiport structure, where the scattering parameters are given, the distinct values

for I'* can be calculated for each desired modulation scheme.

Figure 7.2 is a diagram of the six-port direct QPSK modulator. It consists of a
six-port circuit, a switch matrix, and open and short terminations. The circuit
operates as follows: port 1 is fed with a carrier signal, which is routed to ports 3,
4, 5, and 6 through the different branches of the six-port circuit. Signals present at
ports 3 to 6 are routed to different terminations by the switch matrix, controlled by
baseband data.
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Figure 7.2 Six-port direct modulator architecture.

Those reflected signals are then summed at port 2, which is the output for the
modulated signal. The output signal acquires different phases depending on the
terminations applied at ports 3—6 [1]. A six-port direct I6QAM modulator is also
recently introduced by the use of a similar concept [2].

7.1.2 Multiport Demodulator

In a multiport demodulator, the received RF signal is summed with a local
oscillator signal under various phase angles. The multiport receiver uses power
detectors instead of conventional mixers. Figure 7.3 shows the functional block
diagram of a multiport demodulator, which consists of two inputs and N outputs.

The input signal is the received RF signal, a,, (¢) , and the local reference signal is

a,(t).

The multiport structure produces N various combinations of RF and LO signals
and directs them to N power detectors. Therefore, N scalar outputs can be
obtained. The multiport junction is assumed to be a linear network. The N signal
levels off the multiport structure outputs, detected using Schottky diode detectors,
and the expression of demodulation equations can be derived as:

=) a,P, (7.2a)

0=> BP, (7.2b)
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Figure 7.3 Functional block diagram of an N-port demodulator.

where / and Q are the in-phase and quadrature components of the modulated

signal, and & and f are the demodulation coefficients.

7.2 SIX-PORT RECEIVER

A multiport receiver consists of two inputs and N outputs. In direct-conversion
receiver applications, the RF and LO signals are applied to two input ports as two
complex inputs shown in Figure 7.4. The multiport structure produces N various
combinations of RF and LO signals and injects them to N power detectors, so that
N outputs can be obtained [3, 4]. If the multiport junction is a linear network, N
outputs of the multiport structure will be as follows:

P =|S,@+S,@y|  i=12...N (7.3a)

Sil — ‘Sil ‘ ej¢f1 (73b)
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S, =8, |e™* (7.3¢)
i2 i2 *

where Sj is the scattering parameter of the multiport structure. Assuming that the
RF signal with digital modulation has the same frequency as the LO signal, the RF
and LO signals can be represented by:

1 .
a, =$‘aw‘e”’w (7.4)

A =%‘aRF‘\112+QZe"'QRF (7.5)

where / and Q are in-phase and quadrature-phase modulating signals. By
substituting (7.4) and (7.5) in (7.3) and by use of the relations:

]=\/12+chos((oRF) (7.6a)

Q0 =—I*+QO’sin(¢@y, ) (7.6b)

the expressions of output powers can be derived as
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1 1
F = E‘Sil‘z ‘aw‘z +5‘Si2‘2 ‘aRF‘Z (12 + Q2)

+‘Si1HSi2HaRFHaLO‘(Icos(goi)+ Qsin((pi))

(7.7)

where @ =@pr —@;o and @, = @, — @, . Assuming that the LO power is known,

the unknown parameters will be (7*+0%), I, and Q. Thus, (7.7) can be rewritten as
follows:

P =M, +L,(I"+0)+Ncos(¢,) I + Nysin(¢,) 0
1

’ , L, :E‘Siz‘z ‘aRF

¢, =0, —©¢,, for i=12,.,N

2 NV, :‘Sz’lHSiZHaRFHaLO‘ (7.8)

1
M, :E‘Sﬂ‘z ‘aLO

where M;, L, and N; are constant governing parameters for given operating
conditions, which are functions of scattering parameters and the power of LO and
received RF signals. Equation (7.8) presents N equations with three unknown
parameters. From (7.8), the six-port equations can be written in matrix form:

_ . _ P
12 2 P
(F+0)|_p |2 (7.9)
1 Py
0 ] R
where Dy is a matrix defined as:
_Ml L Ncos(¢) lein(¢l)_
D, = M, L, N,cos(¢,) st%n(%) (7.10)
M, L, Ncos(¢,) N,sin(¢,)
‘M, L, N,cos(¢,) N4Sin(¢4)_

If the determinant of the Dt matrix is nonzero, (7.9) can be solved with respect
to the unknown parameters:

I =a/P +a,P,+ o, P, +a,P, (7.11a)

O=pBR+Bb+ BB+ BP, (7.11b)
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Equation (7.9) shows the general demodulation equations in six-port structures.
As seen from (7.9), there is a dependent equation that leads to a fixed value in the
first element of the calculated matrix [4, 5]. This dependent equation is the result
of the known LO power. This assumption is reasonable, because the LO power is
known to the receiver designer and can be removed from unknown parameters.

Nevertheless, if the LO power is so unstable that it cannot be treated as a
constant, the DC terms of each output can be easily removed by DC cancellation
methods (in a simple case, by a capacitor), which always are used in direct-
conversion receivers for the DC offset cancellation. Therefore, the slow variation
of the LO signal with the other DC terms will be removed, and it is not necessary
to know or calibrate the LO power exactly. Note that blindly removing the LO
power cannot cause any problems, since the information needed for I/Q detection
exists in terms of the AC outputs. Note that the (*+(Q*) parameter is variable and
cannot be removed from demodulation calculations.

This is the reason for reducing the number of outputs from four to three;
therefore, (7.9) may be changed to:

(12+Q2) R-M,
I =D'|P-M, (7.12)
P -M

where the matrix D is defined as:

L Ncos(4) Nsin(g)
D=|L, N,os(¢,) N,sin(g,) (7.13)
L, Ncos(g,) Nsin(g,)

where the determinant of the D matrix is nonzero. Therefore, the demodulation
equations will be:

I=aFf +a,P,+a,P—¢ (7.14a)
Q:ﬁlpl +ﬁ2P2 +:B3P3 -G (7'14b)
where:

O=pBF+pBP+BP—c, (7.15a)
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I =aF +a,P,+a,P,—c (7.15b)

Thus, it can be inferred that multiport structures require at least three independent
outputs for / and Q signal calculation. Each additional output port adds another
dependent equation into (7.12); hence, the five-port structure has the minimum
possible outputs among the multiport structures. Therefore, it can be emphasized
that any multiport structure with N output ports presents N equations with respect
to the three unknown parameters. The three independent equations can be chosen
between all of the N equations and the remainder (N-3) can be derived from these
three independent equations.

It should be mentioned that the additional equation in the common six-port
structure is only used to simplify 7/Q calculations. In this case, it is sometimes
better to reduce the number of ports from six to five, if the complexity of
calculation remains the same. In regards to (7.9) and (7.12), the additional
equation in the six-port architecture leads to more calibration parameters, which
may increase the errors of the //Q calculations due to errors in the calibration
procedure.

7.2.1 Five-Port Receiver

There is a simple way to choose three independent outputs between output ports in
conventional six-port structure. Using the same notation as Hoer [6], it can be
shown that a set of four independent outputs are obtained by choosing one
equation from each group in Table 7.1, plus a fourth equation from unselected
equations.

Table 7.1
Six-Port Independent Output Selection
Group 1 Group 2 Group 3
‘aLO‘Z R =lazo - age|’ Py=laso - jaRF|2
‘aRF‘z P2=|aLO+aRF|2 Py =laso +jaRF|2

Therefore, the independent ports are members of the different groups. As a good
design, a member of group 2 (P, or P,), a member of group 3 (P; or P,), and both

members of group 1 (Ja;, 2 la RF|2 ) can be chosen in which LO power is known

b

(|a LO|2 ). In case the LO power is known, the four outputs are reduced to three.
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Although there are various methods to implement a five-port architecture,
nevertheless, it is important to choose an efficient architecture to provide accurate
performance. Some criteria to design the five-port architecture are as follows:

1. It is necessary to choose three independent outputs that provide three
independent equations for calculating the 7, Q signals. If three power outputs
are not independent, /, Q demodulation will be impossible.

2. The most important source of error in /, O demodulation equations is due
to the calibration procedure. To reduce the impact of these errors the nonzero
elements of the D matrix should be minimized. Thus, an optimum five-port
structure with minimum error in calibration procedure is a junction that
presents a sparse D matrix.

3. Because the five-port structure falls in the direct conversion category, the
DC offset is one of the most critical parameters that must be limited. Since
the main source of DC offset is LO leakage to the RF port and vice versa, it is
required to have a high isolation between two input ports.

4. The output reduction in a five-port should not increase the complexity of /,
Q calculation. Therefore, a five-port structure is preferable to six-port
structures in software defined radio applications if the complexity of the 7, O
calculation remains the same.

Figure 7.5 shows a practical implementation of a five-port receiver [7].
Supposing that all elements are ideal in this architecture, the equations of output
power can be written as:

1 1
Py =5\aRF\2 =Z\aRF\2 (17+0%) (7.162)

2
1_ 1 _
P =|\—ap0+—=agp

2 22

1 1 !
b :g‘aw‘z +E‘aRF‘2 (12 +Q2)+m‘am”aw‘[

(7.16b)
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-
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Directional
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Figure 7.5 (a) A five-port receiver. (b) A practical implementation of five-port architecture. (©

(b)

2007 IET [7].)

1 _ 1 _

P =|—a,p)—-j—=a
3 2LO 2\/§RF

(7.16¢)
1 1 1
B :g‘aw‘z +E‘QRF‘2 (12 +Q2)+m‘aRFHaLO‘Q
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Hence, the demodulated signal can be written as:

r’+o? P,
I |=D"| PR |-C
Q B
(7.17)
where
‘C’LO‘ T
242 |agg| 00 0
p! zﬂ _l 1 0 C:M l
‘aRFHaLO‘ 4 , ‘aRF‘ 8
—% 0 1 _%_

As seen from (7.17), the five-port structure has a sparse D™ matrix due to the zero
setting of D™’s elements. According to (7.17), only five constant parameters are
needed to be determined in practical conditions. Note that the elements of the C
matrix are not needed to be determined, because they can be removed by
subtracting a constant or DC cancellation in DSP. The parameter reduction in D™
matrix makes the calibration procedure easier and mitigates the errors of
demodulation equations due to the calibration procedure.

7.2.2 Noise in Six-Port Receiver

Assuming the RF signal with digital modulation has the same frequency as the LO
signal, the RF signal plus noise can be represented by

% :‘aRF ‘ {[I(t)‘m] (Z)] cos(@, 1+, )+|:Q(t)—nQ (l):' sin(@, t+¢,, )} (7.18)

where [ and Q are in-phase and quadrature components of the modulated signal.
The noise components are

A
n () =np(1)/ |ag| (7.19a)

A
ny(t)=ng(t)/|az| (7.19b)

where



172 The Six-Port Technique with Microwave and Wireless Applications
n()=n(0)| cos(@ -+ +0,)
:‘”(t)‘ cos(,) cos(Wet+Py, )_‘n(t)‘ sin(@, ) sin(@ct+¢ )

= N (t) cos(@pt+y, )—ng (2) sin(@ t+y, )

By substituting (7.19) into (7.18), the expressions of output powers are

1 1
P18, Flaol 1S  faws T4, 40 )]

1S, 18,5 | ||aso] [ (1, Y08 (¢, FH(Q-np)sin(f-¢,) | (7.20)

+high frequency terms.

where ¢:¢RF_¢LO and =P =P -

By using lowpass filters to remove the high frequency components, baseband
output is obtained as

1 1
B;i:E‘Sil‘z ‘aLO‘ZT‘Siz‘Z ‘aRF‘Z LP{(I+n,)2+(Q—nQ)2} (7.21)

SISl [asol[ (747, cos ($-0, J(O-ny)sin(¢-0,) ]

where LP{.} is the lowpass component. Since the square operator increases
frequency contents of its input signal, then, LP{([+n])2+(Q—nQ )2} could be not

equal to {(I+n,)2+(Q—nQ )2}. We assume that the local oscillator power level is

known and does not change; thus, (7.21) can be rewritten as follows:

P =M +L |ay | LP{(I+n,)’ +Q-n,)’|

(7.22)
+N, [age|{cos (-0, ) (I+n, ysin (g0, ) (O—n,))
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where Ml:%‘SH‘Z ‘aw ’ ,Nl.:iSﬂHSizHaw‘. M, L;, and N; are constant

2’ Li:%‘SiZ

parameters, which are functions of scattering parameters and the power of the LO
signal. Neglecting noise, this result is the same as the one presented in [8]. System
of linear equations expressed in (7.22) consist of N equations, N is the number of
output ports, with three unknown parameters LP {I’+Q*}, I, and Q. Hence, in-
phase (/) and quadrature (Q) signals can be obtained after simple mathematical
calculations in the form of a linear composition of N output voltages. In a general
case demodulation equations can be derived as

I'=

N
e |(I+n,)=) P, (7.23a)
i=1

O'Fay|[(Q-1,)=)_ B, (7.23b)

where /', Q' are demodulated data, and o, and f are called demodulation

coefficients.
In conventional six-port structures [4,8] the phase shifts between the LO and RF
signal at output ports 3 through 6 are selected multiples of 7 /2.

Do =7 Prrr = 0
D10 = /2, Dy rr = 0

7.24
¢)3,L0:7[/2ﬂ(03,RF:7z-/2 ( )

Ps10 = 0, Py rr = 7/2

According to (7.22) and assumption of =0, a linear system of equations can be
constructed as

P =M\ +L |ay [ LP{(I+n,) HQ-n,)* Hap: | N,(I+n,)  (7.252)
Po=M,+L,|ay, | LP{(I+n, )’ H(Q-n,)* Ha, | N,(Q-n,)  (7.25b)

Py=M+Ly|ag|" LP{(I+n,)’ +(Q—ny) Hap| Ny(I+n,) — (7.25¢)

o
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P =M +L|ay, | LP{(I+n, )’ H(0-n,) Hap| N,(0-ny)  (7.25d)

where M, L. are defined in (7.22). For a general structure, / and Q can be

obtained using the above equations by a simple matrix calculation called the
demodulation process. Finally, demodulated data can be written as a linear

composition of known parameters, P . .

I'=

ape|(I+n,)=a, P, +a, P+, Py +a, P, (7.26a)

O'=

e | (01 Y=, P+, Pyt B, P B, P, (7.26b)

The above demodulation equations are simplified for symmetrical structure. For a
symmetrical structure, we can write

M,=M,L =L N =N, ij=1234 (7.27)

Hence, a,=—a,=f,=—p,=l/(2N,), a,=a,=f=,=0, and demodulation equations
are in a simplest form as:

I'<(P,~P,)/(2N,) (7.28a)

Q':(f)aZ_f)a4)/(2Nl) (7-28b)

Using additional ADCs and DSP units, these demodulation equations can be
implemented with accurate results. A low-cost implementation of (7.28) is the
conventional op-amp circuits [9], although the accuracy may be slightly reduced.
The system of linear equations in (7.25) has four equations and three unknown
parameters, so there is a dependent equation that can be eliminated. One way to
reduce the receiver’s cost and complexity is to eliminate one of the outputs, which
eliminates one power detector and one ADC. For example, by the elimination of

P, , the demodulation equations can be rewritten as

I'<(P4=P,)/(2N,) (7.299)

OQH2F,~(F,+F,)J(2N)) (7.29b)
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These equations convert six-port structure to five-port structure. For cost
reduction, we can implement these equations by an electronic circuit which can be
realized using conventional operational amplifiers as shown in Figure 7.6. In this
circuit we use variable resistors to remove the unwanted constant DC components.
The calibration process can be done by varying the value of the resistors in
horizontal arms. Moreover, there are various //Q generation algorithms that may
be used for six-port and five-port receivers [10-12].

Beside the noise, in the case of nonideal phase shift, additional terms appeared in
(7.25) as

P =M +L|ay | LP{(I+n,)+(0-n,)"} (7.30)
+

aRF ‘ CiNi ([+I’l1 )+‘aRF ‘ SiNj (Q_nQ )9 lzla 25 39 4

where Ci:cos((zﬁ—q)i) and Si:sin((zﬁ—q)i) are constants for a six-port architecture
with specific phase deviations.
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Figure 7.6 Baseband circuit for a five-port structure (//Q calculation block). (© 2009 IET [16].)

Therefore, a combination of at least three outputs is required in demodulation
process, and in this general case, the demodulation equation is rewritten as

I'=

aRF\(1+n, y=a, P, +a, P, +a, P, (7.31a)

Ql:‘aRF ‘ (Q_nQ )=B.E,+B,F,+PF,, (7.31b)
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which can be implemented by a simple modification in an electronic circuit of /Q
calculation.

7.2.3 Six-Port Receiver Calibration

To have an optimal receiver, the demodulation coefficients must be found for each
carrier frequency to minimize BER. Here, a calibration method is described based
on S-parameters of multiport linear structure as well as the characteristics of
nonlinear power detectors. The S-parameters of structures can be obtained from
simulation or measurement. At first stage, the output powers are calculated for
each constellation points using S-parameters and the characteristics of power
detectors. The calibration is performed using the video signals. Accordingly, for

each constellation point, 7, O, and P, are known. Considering M as constellation

points (M>N), a system of linear equations B=A4.X must be solved for

demodulation purpose. The matrices 4 and X are as follows:
~ | -
f)oll })012 })01N| oll P022 B)IN
pu P P, Py | P, P, Py
|
})oMl f)oMZ f)OMN |P0M1 B)MZ B)MN
% Y (7.32)
a4 2
aN ]M
X= — | and B5 —
B Q
Py 0,
| By | | Ou |

The system must be solved to obtain demodulation coefficients &; and ﬂl . For

a five-port receiver, this system of equations is simplified to match the one
presented earlier in [13]. As may be seen, the number of equations is greater than
unknown parameters. Accordingly, a least squares solution must be implemented
to find the unknown coefficients. Therefore, a calibration procedure to solve the
least squares solution X that minimizes the norm of {B-4*X} is required. This
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calibration procedure can be repeated when any change in system or channel has
occurred. A real-time calibration method based on the above technique for six-
port receiver has been presented in [14].

7.2.4 Six-Port Structure Bandwidth

Several multiport receivers have been developed for microwave and millimeter-
wave communications [14, 15]. However, it is important to choose an efficient
architecture to provide a suitable performance for a broadband transceiver. Figure
7.7 shows a common six-port structure [15] and various five-port structures [9, 16,
and 17].

5
Zo Five-Port : [16]

I

[ IN ISO

| 0 -90 |

I Y TR
Five-Port : [17] Five-Port : [18]

Figure 7.7 Geometry of some five- or six-port structures.

These structures are implemented from several standard quadrature hybrid
couplers and power dividers. To obtain simpler demodulation equations, these
circuits are designed in the way that power is divided equally between the output
ports for signals that originate from input ports. To compare the presented
structures, a simple procedure will be followed. First, the main components of the

177



178 The Six-Port Technique with Microwave and Wireless Applications

multiport structures are designed in a desired frequency f, (4.5 GHz is selected in

this work) and implemented with transmission lines to obtain complete structure.
Then the S-parameter of each structure is obtained from RF simulations.

Using these parameters and the characteristics of power detectors, the output
powers are calculated for each constellation point (specific / and Q) in a QAM
modulation scheme. By known values of/,Q , and P, the linear system of
equations in (7.2) can be solved to obtain the demodulation coefficients ¢; and

B . Then, the circuit is investigated in the different frequencies and the average of

error vector magnitudes (EVM) in QAM constellation points are calculated for
various structures. The EVM is calculated using

JA'-1HQ'-Q)

JIP+0°

where /' and Q' are demodulated values which are calculated by (7.2), using the

EVM= (7.33)

demodulation coefficients from the previous step and output powers for / and
0 in new operational frequencies.

Figure 7.8 shows an average EVM for various structures in a frequency band of
0.8/, to 1.2f,. The demodulation coefficients have been calculated for f, . As

may be seen, the EVM for all structures is equal to the expected value of zero at
f, - As may be seen, the smaller and larger bandwidths are obtained from five-

port structures presented in [9] and [17], respectively. The six-port circuit of [15]
supports a smaller bandwidth than the five-port circuit of [17].

7.3 SIX-PORT IN SOFTWARE RADIO APPLICATIONS

Due to various wireless communication standards, achieving a multi-mode and
multistandard receiver is desirable. Such receivers must satisfy the requirements
to have broadband or multi-band RF stages, to have low cost, size, and power
consumption, and to be compatible with the digital signal processing section. In
order to obtain these properties, the RF stage architecture must be chosen
properly. It is obvious that the conventional superheterodyne architectures are not
suitable solutions for satisfying these requirements because they require to several
image rejection filters to eliminate image responses [18].

Moreover, when the receiver switches to another standard, it needs to use a new
image rejection filter. This problem can be solved by direct conversion
architectures because they have no image response, and thus do not require any
image rejection filters. In addition, the direct conversion architectures have more
integrated size and lower power consumption than the superheterodyne ones [18].
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Figure 7.8 Average EVM for various multiport structures.

Software defined radio is the main architecture for future advanced radio systems
[19]. A software defined radio (SDR) is a radio in which the operating
parameters,including the frequency range, modulation type, and maximum
radiated or conducted output power can be altered by making a change in the
software without making any hardware changes [20]. The advantages of six-port
architecture such as compatibility with DSP, ultra low power consumption, and
broadband specifications make it very suitable for software defined radio
applications. Figure 7.9(a) shows the structure of a six-port SDR receiver [20, 21].

The RF front-end consists of a low-noise amplifier (LNA), a BPF, a six-port
junction, and four power detectors. The six-port junction works as an RF
downconverter in the proposed receiver. Port 2 connects to the RF signal and port
1 connects to the local oscillator (LO); the other four ports are connected to RF
power detectors. The output voltages of the RF power detectors represent power
levels of the four output ports of the six-port circuit. Signals from ports 1 and 2
are directly downconverted from RF to baseband frequency in the form of the
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output of power detectors. The signals from power detectors are then sent to the
DSP section after passing a set of BPFs and baseband amplifiers.

The DSP section is responsible for the baseband signal processing such as
demodulation and decoding. The receiver is designed to operate at the microwave
frequency and operates over a wideband for multimode schemes. For an SDR
receiver platform, the DSP computation algorithms and calibration methods are
crucial.

Baseband
Signals

D
RF Signal —{Detector|y
i
i

RF Front End

I Output
4‘& P Data Output
Modulation .
B) [ [ IS I .
) Scheme Decision
Ac ion — VS m— C n—
Determination

SEEE Solving
Sa for Calibration
Calibration Coefficients

(b)

Figure 7.9 (a) Architecture of six-port software receiver. (b) Six-port receiver algorithm.

Figure 7.9(b) shows the algorithm flowchart of the SDR six-port receiver [21].
Subsequent to the data acquired from the antenna, some samples are selected for
calibration. This six-port calibration provides the coefficients needed for
computation to calculate the in-phase and quadrature (I/Q) data. Following a
decision algorithm, the signals are then demodulated. This process is a universal
demodulation algorithm for six-port receivers. A calibration method free from any
external connection must be used. In this receiver platform, a real-time six-port
calibration method [14] is adopted and the demodulation results for different
modulation schemes are analyzed.

7.3.1 Five-Port Structure in Software Defined Radio Applications

The performance of the five-port structure has been studied as a software radio
receiver as well [4]. The center frequency was considered to be 2.4 GHz, and the
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symbol rate was assumed to be 10 Msymbol/sec. The received signals were
investigated with a signal-to-noise ratio (SNR) of 20 dB. The direct-conversion
five-port receiver for this application is shown in Figure 7.10(a).

(a) (b)
Figure 7.10 (a) Five-port direct-conversion receiver, and (b) QPSK, 8PSK, and 16QAM constellations
using a five-port receiver with SNR = 20 dB.(©2007 IET [16].)
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Figure 7.11 BER of QPSK, 8PSK, and 16QAM constellations using a five-port receiver.
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The constellation diagrams for various modulation schemes (QPSK, 8PSK, and
16QAM) using the five-port receiver are shown in Figure 7.10(b). The results
imply that it is possible to implement the five-port circuit precisely in MQAM and
MPSK demodulators, and it can be used as a direct demodulator receiver.
Theoretical and simulated BERs versus E,/N, for different modulation schemes
(QPSK, 8PSK, and 16QAM) are illustrated in Figure 7.11.

7.4 SIX-PORT IN UWB APPLICATIONS

The recent allowance of frequencies between 3 GHz and 10 GHz for UWB
applications would allow higher data throughput up to 500 Mbps over short
distances [22]. Apart from high data rates, the other compelling features of UWB
would be potentially lower cost and higher levels of integration. Ideal targets for
UWB systems are low power, low cost, high data rates, precise positioning
capability, and extremely low interference [22, 23]. The common choices of the
modulation scheme in UWB communication are pulse position modulation
(PPM), pulse amplitude modulation (PAM), and pulse shape modulation (PSM)
[24]. The long-term vision for UWB is a low power high-speed standard that
provides wireless connectivity for battery operated devices.

Pulse-based systems are one approach for implementing UWB systems to use the
UWB bands. A pulse-based system may use a modulated pulse to transfer
information. Such systems require RF front-end to support a wideband signal.
Therefore, a conventional design technique as well as RF front-end architecture
for narrowband applications must be modified and improved to overcome
obstacles in implementing RF front-end for emerging wideband applications.
Because of the characteristics of the pulse, the RF front-end of such systems tends
to be simple, using direct conversion methods. However, processing these
extremely wideband signals using an ADC would be quite challenging.

It is important to choose an efficient architecture to provide the suitable
performance for a UWB transceiver. The six-port structure is implemented for
UWB [18]. This receiver and transmitter architecture uses six-port circuits to
digitally modulate and demodulate a full 1-GHz phase spectrum. The six-port
impulse radio block diagram is shown in Figure 7.12. Differences between six-
port impulse radios and other UWB radios are in the modulation and
demodulation schemes including related radio hardware/software/signal
processing. It consists of a wideband six-port circuit, a switch matrix, and open
and short terminations.

Each component has wideband characteristics. The impulse radio hardware and
software for direct modulation and demodulation are experimentally investigated
for UWB applications [18]. The radio demonstration platform contained two six-
port interferrometers (one for modulation and the other for demodulation), four-
channel digital signal processors, four single-pole double throw (SPDT) switches,
two antennas (Rx/Tx), and various minor components such as wideband short and
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open circuit terminations. The radio is designed to operate in wideband channels
(over 500 MHz per channel) as required in UWB communication systems.

7.4.1 Six-Port Impulse Radio Modulator

Figure 7.12 shows the six-port impulse radio modulator. The modulator operates
as follows: port 1 1s fed with a pulse signal, which is routed to ports 3—6 through
the different branches of the six-port circuit.
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Figure 7.12 The six-port impulse radio test block diagram.( © 2008 IEEE [18].)
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Figure 7.13 (a) Six-port impulse radio QPSK modulator measurements and simulations from 3 GHz
to 4 GHz. (b) Demodulator test results showing normalized output voltages of detectors versus phase
difference between two input signals taken at any frequency within the operating channel (3 GHz to 4
GHz).(© 2008 IEEE [18].)

Signals present at ports 3—6 are routed to different terminations by the switch
matrix, which is controlled by baseband data. Port 2 outputs the digitally
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modulated signal, which acquires different phase states depending on the
terminations applied at ports 3—6. The six-port circuit used in the modulator is
composed of one power divider and three hybrid couplers. Figure 7.13 shows the
measured phase changes over a wide operating band for QPSK modulation.

7.4.2 Six-Port Impulse Radio Demodulator

The six-port impulse radio demodulator shown in Figure 7.12 is composed of a
six-port circuit using the same structure as the modulator. Ports 1 and 2 are fed
with the modulated and reference signals, respectively. Ports 3—6 simultaneously
provide four signals to power detectors composed of zero-biased Schottky diodes.
Output signals from power detectors are then sampled and fed into a field-
programmable gate-array (FPGA) processor for demodulation.

The adoption of the DSP in the proposed six-port impulse radio is for the
purpose of increasing the flexibility of the system. Synchronization of reference
CW (or pulsed) signals with received signals presents the same challenge in the
new radio as in any radio.

7.4.3 Five-Port Receiver in UWB

Figure 7.14(a) shows a receiver circuit using a five-port structure as an RF
demodulator. As shown in Figure 7.14(b), the five-port structure has one
quadrature hybrid coupler and three Wilkinson power dividers. The five-port
circuit needs broadband components in UWB applications. Hence, several
sections are required to increase the bandwidth of the circuits. This circuit is
designed, optimized, and fabricated for a wide bandwidth from 3 GHz to 6 GHz
using the substrate RO 4003 with ¢,=3.38 and A=20 mil. The simulation using the
method of moment (MOM) of S-parameters is shown in Figure 7.15.

The simulated return loss at the two input ports and the isolation between the LO
port and the RF port are given in Figure 7.15(a). Figure 7.15(b) indicates that the
signals from both input ports, LO and RF, are attenuated about 6 dB at the output
ports 3 through 5. According to this figure, the isolation and reflection for input
ports are at least 15 dB. This five-port structure is used as an RF demodulator. The
received SNR=20 dB. The power detector circuit is realized using Schottky
detector diodes (HSMS-2852).

The theoretical and simulation results of BER versus E,/N, are compared in
Figure 7.16. As may be seen, the simulation curve fits very well with the
theoretical values.
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Figure 7.14 A five-port UWB receiver. (a) Functional block diagram. (b) The microstrip layout.
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Figure 7.15 A five-port UWB receiver. (a) Reflection coefficients and isolation for the input

port. (b) Transmission coefficients from the input to the output port.
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Figure 7.16 Comparison between theoretical and simulated BER in a five-port UWB receiver.

7.5 SIX-PORT IN MILLIMETER-WAVE RADIOS

It has already been shown that six-port architecture can be used effectively in
millimeter-wave frequencies [25-27]. Moreover, the five-port architecture has
been used successfully in millimeter-wave applications [16]. Figure 7.17 shows
the microstrip layout of the fabricated Ka-band five-port structure and its
baseband section. The accuracy of the transmission lines was +50 um;
accordingly, this uncertainty led to some changes in the S-parameters. Therefore,
imbalances in the transmissions’ magnitude and phase may occur, which can
easily be removed with the calibration of multiport receivers [16, 21, 28].

Figure 7.18(a) presents the measured isolation between input ports and the
transmission from input ports to output ports. The two input ports were well
isolated, showing an isolation of greater than 20 dB from 23 GHz through 29 GHz
between the LO and RF ports.
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Figure 7.17 A Ka-band receiver fabricated using a microstrip line. (© 2009 IET [16].)

These measurement results indicate an attenuation of approximately 10 dB.
Figure 7.18(b) also shows the absolute measured phase shift from the input ports
to ports 3 and 4. The desired 180° phase difference between RF signals at ports 3
and port 4 was achieved, and the LO signal had the same phase shift at two output
ports. Finally, the circuit was tested as a direct demodulator of a 2 Mbit/s QPSK
modulated signal.

The RF and LO input levels were set to -20 dBm at center frequency. The I and
Q signals were obtained using an electric circuit shown in Figure 7.18(c). Using
the XY display of the oscilloscope, the I/Q constellation can be achieved from
analog output signals, as shown. The demodulated QPSK signal confirmed the
accuracy of the five-port receiver in millimeter-wave applications.

A six-port transceiver has been implemented using CMOS technology in 60 GHz
[26]. The target is to provide a very low-cost, miniaturized, and low DC power
consumption transceiver for IEEE 802.15 applications. The transmitter is
composed of a reflection-type I/Q modulator and a buffer amplifier, while the
receiver consists of an LNA and a six-port demodulator.

An on-chip VCO provides the LO signals for the transmitter and receiver and an
SPDT switch is used to select the transmitting or receiving path. This block
diagram of the transceiver and its chip photo are shown in Figure 7.19. The total
DC power consumption of the transceiver is less than 100 mW.
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Figure 7.18 (a) The Ka-band receiver, (b) the measured values for transmission and isolation for the
Ka band five-port receiver, and (¢) The constellation diagram for demodulated I and Q signals of
QPSK modulation.( © IET 2009 [16].)
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Figure 7.19 (a) Block diagram and (b) chip photo of the 60-GHz CMOS six-port transceiver. The
transmitter is composed of a reflection-type I/Q modulator and a buffer amplifier while the receiver
consists of an LNA and a six-port demodulator. An on-chip VCO provides the LO signals for the
transmitter and receiver and an SPDT switch is used to select the transmitting or receiving path. (©
2009 IEEE [26].)
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7.6 COMPARISON BETWEEN SIX-PORT AND CONVENTIONAL
RECEIVERS

Six-port microwave receivers push the boundaries regarding price and the upper
frequency limit. To enable a serious validation of the six-port technology, we have
to benchmark it with existing receiver architectures [27]. This section compares
the six-port receiver with conventional receivers [27, 29].

7.6.1 RF Performance

Phase Accuracy

In a conventional receiver, the phase noise of the local oscillator (LO) will be
directly transformed to the phase noise in the baseband. This will lead to neighbor
channel interference, caused by reciprocal mixing, and therefore reduce the
selectivity of the receiver. In the six-port receiver, as in the direct conversion
receiver, additional phase inaccuracy will be introduced. Because of this
unavoidable phase imbalance, phase distortion can be generated. However, phase
distortion can be reduced by performing an accurate calibration.

Noise Figure

The noise figure is usually defined by the LNA in a receiver. If no LNA 1is used,
we have to compare the noise of a mixer to the noise of a power detector receiver.
For frequencies beyond 50 GHz, both are usually built up using Schottky diodes.
The noise figure for diode mixers is comparable to its conversion loss which is
typically about 7 dB. Simulations on microwave power detectors using a beam
lead GaAs Schottky diode have shown that the noise figure goes down to 4.8 dB
for input powers smaller than -20 dBm.

LO Power

For most mixers to obtain a good conversion gain, the power of the local oscillator
should be in the range of 0 to 10 dBm [30]. On the other hand, a suitable condition
for six-port receivers is an LO power in the area of the receiver input power which
is much lower in practical applications (less that -20 dBm).

In-Band Dynamic Range

For six-port receivers this dynamic range is mainly limited by the accuracy of the
calibration and the detector sensitivity. First trials have shown a dynamic range of
40 dB [31, 32]. Calibration will also limit the linearity of the receiver. For mixer-
based receivers the dynamic range is limited by the linearity. This results in a
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dynamic range of about 90 to 100 dB for a signal bandwidth of 10 MHz. The
dynamic range of the receiver can also be increased well above 70 dB with an
AGC inserted within the LNA [33].

Self Mixing Effects

Direct coupling and external reflections lead to a DC offset for a direct conversion
receiver and a six-port receiver. Direct conversion receivers usually contain some
signal processing unit to cope with this effect. It was recently shown that six-port
receivers are less sensitive to DC offset in comparison to subharmonically
pumped direct conversion receivers [29].

7.6.2 Boundary Limitations

Size

The size of mixer-based architectures is mainly given by active components and
filters. The usual setup of a six-port is about % A in square. For V-, W-, and
D-band applications it is very possible to integrate the six-port on a chip.

Cost

The cost of a direct conversion receiver depends very much on the frequency
range. Especially for frequencies in the W- and D-bands, mixers become rare and
expensive, whereas power detectors are available for higher frequencies. For
millimeter-wave signal generation usually a lower frequency LO is followed by a
frequency multiplier, which produces a small LO power. The six-port receiver
will have a cost advantage by reduced LO power requirements.

In conclusion, six-port receivers are a suitable and cost-effective alternative to
existing mixer-based receiver architectures, especially in the millimeter-wave and
sub-millimeter-wave range. In this frequency range we usually do not have to
cope with strong neighbor channel interference, so the reduced dynamic range will
be acceptable. Moreover, it has recently been shown that the six-port receiver
architecture 1s less sensitive to LO power variations and phase errors than the
antiparallel diode receivers [29].

7.7 SIX-PORT IN PHASED-ARRAY SYSTEMS

Six-port junctions have been primarily used as reflectometers [34, 35], that is, to
measure the reflected-to-incident waves ratio at one port of the junction.
Alternatively, one can measure the complex ratio of incident waves at two
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different ports of the junction [36, 37]. In the case of a linear array, the array
factor can be fully determined if the signals radiated by the elements are related to
each other by complex ratios. These ratios depend on the feed network but also on
the coupling between the array elements. This is represented as a coupling
network box in Figure 7.20. Let us assume that all the active elements have the
same radiation pattern and that waves a; and a, are not reflected back to the
antenna. The goal herein is to determine the ratio a,/a, from the power readings.
If we can determine this ratio for all the element pairs of the array, it will be
possible to calculate the array factor. To illustrate the procedure, let us consider
the two-branch network of Figure 7.20 where waves a, and a, are absorbed by
matched terminations. Using the superposition of sources, we can write:

a, =Mb,+Nb,i=12,...,6 (7.34)
From (7.34) with i =1 and i = 2, we have:

b, =(a\N,—a,N,)/ (M\N, -NM,)
by =(a,M, —a,M,)/ (M\N, -N,M,)

Using these expressions for b and by, (7.34) can be rewritten as

a,=Pa +Qa,,i=3,..,6 (7.35)

1

Equation (7.35) has the classic form of six-port relations [36]. It relates the
incident signals on the power detectors to the waves radiated by elements 1 and 2.
Using (7.35), it is easy to implement the calibration technique for six-port
reflectometers given in [18] or [38] by replacing the unknown reflection
coefficient (b,/a,) by the ratio of interest, namely a,/a;. The remaining difficulty is
the establishment of accurate a,/a, ratios to be used as standards in the calibration.

In the case of an antenna array, the a, values used in the calibration of the
junctions embedded between each pair of elements can be determined by
measuring the radiation pattern of the array. For an N-element linear array, we can
write the following expression for the 6-component of the radiated far-field

E(0,7) in the XZ plane:

—JjBr N

e Z an ejﬁndsine (7 3 6)
n=1

E,r) = K(0)

r
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Figure 7.20 Six-port in phased-array systems.

where K(0) includes all the constants and the array-element factor. K(0) can be

measured by feeding only one element of the array. When all the active elements
are fed simultaneously, we can measure E(0,7) for N different values of angle 6

and build a system of N linear equations. This system can then be solved to give
one set of a,s. All the data necessary to calibrate the N-1 six-port junctions can be
obtained from four far-field pattern measurements [39]. In a phased array, we
arbitrarily choose four different settings of the phase shifters. For each setting,
both the phase and magnitude patterns of the array are measured and the [a,]
vectors are determined by solving the linear system of equations. The power
readings of the six-port junctions are also recorded. This data can then be used to
calibrate each one of the junctions with the procedure given in [29]. Once the
junctions are calibrated, all the @; values can be related to each other for any state
of the feed network since the six-port measurements can be used to calculate the
ratio of each pair of adjacent signals. This allows a real-time determination of the
array factor [40, 41].
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Chapter 8

Six-Port Microwave Applications

The six-port architecture has found many applications in microwave systems.
These applications include reflectometer, directional finder, radar, antenna
measurement, and material characterization. Moreover, there have recently been
some applications using the six-port architecture in optical systems. In this
chapter, we present the theoretical issues and implementation techniques for using
the six-port in different microwave systems.

8.1 SIX-PORT MICROWAVE REFLECTOMETER

The six-port junction is commonly used as a reflectometer. Moreover, it can be
used in very high power microwave applications by the use of a hybrid directional
coupler.

8.1.1 Six-Port Reflectometer

The schematic of a six-port reflectometer for measuring the complex reflection
coefficient of a load (DUT) is shown in Figure 8.1. The setup is comprised of a
fixed frequency sinusoidal source, the passive six-port junction, and four power
meters. As discussed in previous chapters, the six-port theory establishes that the
complex reflection coefficient of the load, at frequency f;, can be precisely
determined, after calibration, from the four readings of the power meters.

In addition, if measurement in a certain frequency range is needed, the frequency
of the source would have to be changed. For any linear passive six-port junction,
as in Figure 8.1, the incident waves on the four power meters can be calculated as

[1]
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Figure 8.1 Six-port reflectometer for complex reflection coefficient measurement.

b =Ra,+Th, i=3,4,56 (8.1)

where R, and T are complex constants that only depend on the six-port junction

and the reflection coefficients of the power. Thus, the input to any of the power
meters is a linear combination of the incident b, and reflected a, wave on the DUT
with relative amplitude and phase given by the complex ratio

R
qi :_71 i:3’495:6 (82)

i

The power meter readings can then be calculated as

5 :(l_‘ri‘z)‘bi‘z
) . (8.3)
P=|b| |K|1-qT,[ i=3,4506

1

where I';are the reflection coefficients of the power meters and K, are real

constants defined as ‘K[‘ =(1- ‘F[‘z)‘ﬂ ‘2 . Normalizing power (8.3) with respect to

the power of the reference port (e.g., P;, we come up with the three power ratio
equations)
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B _|K|[-aur] (8.42)
B, K, ‘I_CI3FL‘2
p |k |lt-q¢.T,[
B _|K =g, L‘z (8.4b)
B K, ‘1_‘]3FL‘
B _|K|l-ailu| (8.4¢)
B K, ‘1_%FL‘2

which are used to calculate the reflection coefficient of the load I',. In these
equations, there are four complex constants (qs, ¢4, ¢s and g¢) and three real
K| |K,|

K4|’

constants (the ratios

), which depend on the six-port junction and

3 3

.
the reflection coefficient of the power meters but not on the load. These constants
are determined by calibration, that is, by measuring a certain number of known
loads (calibration standards).

As discussed in Chapter 5, there are procedures to calibrate the six-port by means
of a two-step procedure consisting of (1) a six-to-four port reduction, which
requires a certain number of different loads whose values do not need to be
exactly known, and (2) a classical one-port calibration that usually requires three
well-known standards (for example, load—short—open). However, any other set of
known loads can be used to calibrate the six-port.

Equation (8.4) defines three circles in the complex plane whose intersection is
the reflection coefficient of the load I',. The design criterion of the six-port

junction aims at making these equations as robust as possible. The port 3 may be
used as a reference of the DUT’s incident power (choosing R, =0 — ¢, =0) and

one may set the remaining measurement ports ¢, ¢s, and g5 in a symmetrical
arrangement and located at 120 degree over a circumference of a radius equal to
1.5 [2].

Notice that with these design values, (8.4) represents three circles with fixed
centers, whose radii are directly proportional to the square root of the normalized
power measurements. In this case, the six-port operation is especially simple and
geometrically interpretable.
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8.2.1 High Power Microwave Reflectometer

In high power microwave radiation, the load characteristics may change with time
as its temperature increases. This change may result in an unmatched loading
condition between the power generator and the energy applicator. Moreover, in
practical microwave power applications such as microwave drying, it is often
desirable to monitor the power absorbed by the load.

A high power reflectometer is shown in Figure 8.2. It is composed mainly of a
low power microstrip six-port junction, a directional coupler, and a rectangular
waveguide section [2]. The key component of the high power reflectometer is the
hybrid waveguide to coaxial directional coupler used to reduce the power
exchange level and feed the lowpower six-port junction.

The measurement results of a given load for different input power are presented
in Table 8.1. As may be seen, the load reflection coefficient changes as the input
power varies. This technique can be efficiently used in thermo-dielectric
measurement applications [2].

Source

0 Isolator

N A%

3 4 5

2 ﬁ.Port Junction

ﬂ :> I Hybrld Directional Coupler

Waveguide Transition

Waveguide Isolator

Figure 8.2 Setup of a high power six-port reflectometer. (© 1995 IEEE [2].)
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Table 8.1
Measurement Results of a Given Load for Different Input Power
Input Power (watt) | Reflection
Coefficient (T)

200 0.234129.07°
50 0.237.£128.50°
12.5 0.239£129.13°
3.13 0.245/131.27°

8.2 SIX-PORT WAVE-CORRELATOR

8.2.1 General Concept

The schematic of a two-channel wave receiver using a six-port junction is shown
in Figure 8.3. The vector relation of two microwave signals a; and a,, applied at
ports P1 and P2, is obtained by measuring the power levels at the four remaining
ports. The signal at port 1 usually comes from the reference generator and the one
at port 2 is unknown. The waves at the power detectors can be written as a linear
combination of the incident signals

b =A4a+Ba, i=3,4,5,6 (8.5)
The power measured by the detectors can be expressed as the following values:

P=|b| =|4[ |a] [1+w| (8.6)

B ) . . o
where ¢, = 7’ and W is the complex correlation ratio of the two incident waves a;
: a : : .
and a,, that is, W = —%. We denote an arbitrary side arm port by subscript 2 and
a,

one of the other three by /; then the power ratio can be expressed as

P
F,=—=T,
k) Ph )

I+t
1+, W

2
‘ i,h=3,4,56i%h (8.7)
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Figure 8.3 Block diagram of a six-port two-channel wave receiver.

2
A o .
where T, = ‘j and T;,, ¢, and ¢, are calibration parameters of the six-port
h

junction, which should be determined in advance.
8.2.2 Calibration System

A calibration procedure using only one phase shifter is presented in Figure 8.4.
The incoming signal from the source is split into two parts using a two-way power
divider. One of them directly feeds port P1 of the six-port junction, while the other
feeds port P2 through a sliding phase shifter. We denote the wave correlation ratio

as W< ”® where 0 is the phase angle corresponding to the position of the
slidingphase shifter. We used superscript ¢ to represent the calibration procedure.
Referring to Figure 8.4, the observed port power ratio as a function of the variable
0 may be written as

.n |2
. 1+twee”
P,0)=T,

e —— 8.8
’ l—i-thWCe*"e (8:8)

Obviously, P°,,(0)is a periodic function with period 2z. Hence, it can be

represented by the Fourier series

PL,0)=> ce e (8.9)
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Figure 8.4 Six-port based wave-correlator and the calibration system. (© 2001 IEEE [3].)

where

e = L7 (0)e™a0 (8.10)
_2_71'[0 i,h( ) .

n,ih

is the complex Fourier coefficient of the n™ harmonic. Furthermore, the right-hand
side of (8.8) can be expanded into a series by employing the Maclaurin expansion.
Then, one can derive the relations between the complex Fourier coefficients and
the system calibration parameters as

-1t ’
¢ “ta
T, =Coin 2 (8.11)
1+[t7| —2Re(tt,*)
tC
t,=—"—  i,h=3,4,56,i#h (8.12)
and
Cs. C;.
f=——2t = = (8.13)
Cl,i,h C3,i,h

Finally, in order to determine the calibration parameters, we must extract the
unknown W . For the six-port based wave-correlator, this can be done easily by

moving out the phase shifter and determining W uniquely as the radical center
using a procedure similar to that in [4]. It is important to note that although there
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exist 12 ratios of7,,, only three ratios are independent of each other.

Consequently, the calibration parameters are three independent real ratios, for

example, T, ,, T, T, , and four complex ratios #;, for i =3, 4,5, and 6.

P
a
ol Quadrature [ | Qu:;:lt;?it;re
ii Hyprld “ B 7
H | Quadrature
| Hybrid
i i PG
Quadrature Ji>
a, Hybrid
3 P3
fi i s

Figure 8.5 Six-port circuit components.

After these 11 real calibration parameters are determined during the above
calibration procedure, the six-port based wave-correlator can be operated as a two-
channel receiver and can determine the wave-correlation ratio W using (8.7).

8.2.3 Architecture of a Wave-Correlator

A typical architecture for the six-port wave-correlator is shown in Figure 8.5. The
six-port can be fabricated using four quadrature hybrids. In this wave-correlator
structure, two incident waves are fully utilized for measuring the powers at the
remaining four ports. In the calibration process, the position of the sliding phase
shifter is adjusted. One of the main features of this calibration method is that only
one phase shifter is required, enabling the method to be applied over a broad
frequency band.

8.2.4 Beam Direction Finder Using a Six-Port Wave-Correlator

The six-port wave correlator may be efficiently used in the beam direction finding
applications. The beam direction finder is shown in Figure 8.6. We assume that
two receiving antennas are in the far-field region of the transmitting radiator. In a
far-field case, d>>2D"f/c where d is the distance between transmitting radiator
and receiving antennas, c is the light velocity, and D is the maximum linear
dimension of the receiving antennas. Suppose L is the distance between receiving
antennas, and @ is the estimated direction angle of the received beam. Assuming
a two-dimensional case with plane wave incidence, the phase of the wave
complex field ratio at two antenna locations separated by a distance L is simply
extracted as [5]
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Figure 8.6 Block diagram for the beam direction finder using a wave-correlator.
2n .
arg(W):TL sin @ (8.14)

where arg(//) is the phase of the wave ratio [3]. Thus, it can be easily deduced
that the beam direction angle @ is calculated as

® =sin”" {c%f?} (8.15)

8.2.5 Doppler Estimation Using a Six-Port Wave-Correlator

A system based on the six-port wave-correlator is described in this section to
measure the Doppler frequency of a moving target [3]. As seen, a six-port wave-
correlator determines the vector relation between the two input signals directly by
measuring the power levels. To measure the Doppler frequency of a moving
object and then inferring its velocity, one may use a wave-correlator to evaluate
the relative velocity from the rate of phase variation between the transmitted and
received signals. After the relation between the input and output ports of the six-
port wave-correlator becomes known, the vector relation (amplitude and phase)
between the two input signals is determined by measuring the power levels at the
four output ports. The relation between the input and output ports can be described
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Figure 8.7 Block diagram of a Doppler radar system implemented with a six-port wave-correlator
from [3].

by the calibration parameters (8.11) and (8.12). The calibration procedure is
shown in Figure 8.4 [6].

The concept of the Doppler radar system based on the six-port wave-correlator is
shown in Figure 8.7.

The transmitted signal of frequency f is radiated by the transmitting antenna. If
the target is in motion with respect to the radar system, the received echo signal
back at the receiving antenna is shifted in frequency (i.e., the Doppler frequency
shift, Af). This shift in frequency is dependent on the target velocity with respect
to the radar system and can be easily determined from

A =2y (8.16)

cC—V

where c is the speed of light and v is the velocity of the target. The plus value of v
applies for a target approaching the measurement system, while the minus value
applies for a receding target. The two input waves of the six-port wave-correlator
a; and a, are the transmitted and received waves, respectively, and the equations
that represent these two input waves are

— [(2nft+ @)
a, = (xle/ % ! (817)

— JQ2n(f+A)t+Dy)
a, = o,e 2 (8.18)

where @, and ®,represent the phase constants of the transmitted wave and the

reflected Doppler shifted wave, respectively.
The W in Figure 8.6 represents the complex wave ratio of the two input waves,
which can be expressed as

_|% o/ (B0t +a®) (8.19)
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where Aw=2nAf and AD =®, —®,. Obviously, if we denote the phase of the

wave ratio as arg(/), then

_ d(argh)

A® 8.20
” (8.20)
One may extract the velocity from (8.16) and (8.20) as
v 1 d(argh) (8.21)
c—v 4nf dt
For ¢>>v, we have
_c d(argh) (8.22)
Anf dt

From this equation, it is clear that the target’s relative velocity can be determined
by measuring the phase difference between the transmitted and received signals.

8.3 SIX-PORT APPLICATIONS IN DIRECTION FINDERS

In order to obtain the beam direction, the phase difference between the RF input
signals can be measured using the output in-phase and quadrature baseband
signals. It is shown that these signal values will be directly related to the angle of
arrival [7]. A two-dimensional approach to direction of arrival estimation is
presented in this section. Figure 8.8 shows a schematic view of the geometrical
model. The receiving antennas are separated by a distance L. Owing to the angle
of arrival 0, a path difference (Ax) between the two propagation paths will appear.
Consequently, the RF input signals will be phase shifted with respect to each other
by an angle A . As mentioned before, the phase difference between the RF input

signals is directly related to the path difference. The path difference can be
expressed as

Ax = cAt (8.23a)
or similarly,
A =229 (8.23b)
27

Therefore, the angle of arrival 0 can be obtained as follows
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Figure 8.8 Schematic view of the geometr

al model.

From (8.23), it can be concluded that the two waves will arrive in phase if the path
difference is zero or an integer number of wavelengths. Furthermore, to avoid any
ambiguity, the distance between the two antennas is chosen to be equal to half the
wavelength at the operating frequency.

Figure 8.9 shows the block diagram of the six-port circuit composed of four 90
degree hybrid couplers [8]. The power reading at each output port (i=1, 2, 3, 4)
can be expressed as

P = |{S;,.Jas|exp(jg;) + Sy, | exp(ioy)i| (8.25)

where a,and g, represent the normalized iput voltages of the six-port circuit

corresponding to the local oscillator (LO) and RF signals, respectively. In
addition, S, and S, are the six-port transmission scattering parameters between

the LO, the respective RF input ports, and the four SP output ports. For the same
amplitude of the RF input signals, (as=as=a), the output signal powers become

2

2 T
B=KM\%MAZ+%—%H—Q (8.26)

where K; is a constant and

I . T
C, =exp {J[Z+(1 —1)5]} (8.27)

represents the solutions of equation P =0 in the complex plane.
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The dc output voltage of an ideal power detector is proportional to the power of
the RF signal magnitude. For the six-port detection circuit presented in Figure 8.9,

the corresponding dc output voltages are proportional to the signal power.
i o b2 ol 252
i b

i

.i%
i

TR
" 7 T

i
L

Figure 8.9 Block diagram a typical six-port junction. (© 2004 IEEE [8].)

Supposing that four identical detectors K;=K are used, the theoretical dc output
voltages are a function of the phase difference between the RF input signals

(A=, —0;5).

2

U, =K|a| (8.28)

mm%?—a—ng)

Each dc output voltage is periodical with 2n and shifted in phase with w/2
multiples compared to other dc output signals [8]. Accordingly, in a six-port
architecture, in-phase (/) and quadrature (Q) signals are obtained as

[=U,-U, =K.a’ cos(Ag) (8.29a)

0=U,-U, = K.d*sin(Ag) (8.29b)
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Figure 8.10 Block diagram of the directional finding circuit.(© 2006 IET [11].)

Ly

In these equations, U, are four six-port detected output voltages, a is the magnitude
of the input normalized wave at one port (as=as=a), AD is the phase difference
between the input normalized waves, and K is a constant that depends on the
power detector characteristics and on the baseband circuit gain.

Using I/Q signals, a baseband vector can be defined in the complex plane by the
following equation

[=1+jO=K.a’.exp(jAD) (8.30)

This equation shows that the phase of the I" vector is equal to the phase difference
between RF input signals (A® ). Therefore, this RF phase difference can be
directly measured using both / and Q signals.

By using (8.22) and (8.25), the angle of arrival is presented as

sin© :£ :larg(l“) (8.31)
T N

A block diagram for the beam-direction-finding circuit, according to this
geometrical model, is presented in Figure 8.10 [9]. Two antennas, which feed the
low-noise amplifiers, are connected to the six-port RF inputs. Then the six-port
output signals are detected, amplified, and processed according to (8.25), and
consequently the baseband complex signal (I') is obtained. In order to perform
initial direction of arrival estimations, the I" vector can be directly visualized on an
oscilloscope screen (in XY format). According to (8.31), the position of the point
on the screen is related to the angle of arrival 6. In addition, one can deduce from
(8.30) that if the imaginary part of I' is equal to zero, the RF input signals are in
phase. Due to an internal phase difference between two transmission paths, an
initial phase adjustment must be performed. After this adjustment, if the antenna
system is rotated in the horizontal plane, the imaginary part of I' becomes equal to
zero when 6=0°. As a further step, the angle of arrival 6 can be calculated using
(8.31).
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8.4 SIX-PORT APPLICATIONS IN RADAR

A six-port radar is working based on the concept of wavecorrelation. By
measuring the complex relation of the transmitted and received signals, one may
use this radar to extract the speed and range information of a moving target. The
architecture of a basic six-port radar is shown in Figure 8.11. The signal at port 1
comes from LO and the one at port 2 is unknown. The objective is to obtain a
power reading proportional to the reference signal thus not influenced by the
received signal. This permits correcting the power instability of the signal source
by normalizing the power measurements at the other detectors. Considering
Figure 8.4, detector 3 will be used for this purpose, soR, =0 — g, =0. Then,

(8.4) may be rewritten as

P, K 2

P, =;‘3‘ - ? 1-q,T,| (8.32a)
P. K 2

P, =;§ E ; 1-¢:T",| (8.32b)
P K 2

P, =;j - ? 1-¢,T,| (8.320)

These are the equations of three circles centered on ¢;, whose radius is /P, .

1

I'=a, / a, is determined by the intersection of the three circles. Constants K; and

q; are found with a previous calibration.

8.4.1 Six-Port Doppler Sensor

The relations in (8.32) can be used to design a Doppler sensor [10, 11]. Suppose a
signal a,, transmitted by a radar and reflected by a target at a distance d, is
received at the radar after a propagation time 7=2d/c, where c is the speed of
light. If the target has a relative speed v to the radar, the propagation time will be

(8.33)
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Figure 8.11 Block diagram of a Doppler radar system.

As seen in Section 8.2.5, if the transmit signal can be written as

a, =|a| e (8.34)
where o is the carrier frequency, then the received signal will be
a, = ‘az‘e-"‘”(’*” = ‘az‘e-"[("”m”)’*‘p] (8.35)

wherew, = Ao =2w0.v/c,and ¢@=2w.d/c. The complex relation of the
transmitted and received signals is

r= a_2 — M.ej(hfutﬂp) (8.36)
a, |a

where I" is a vector that turns at a Doppler frequency, f, = ®, /2n, and its phase

is proportional to the range. Measuring this rotation, we can determine the
Doppler frequency. Its sign, which indicates whether the target is approaching or
moving away, can be derived by the sense of rotation.

8.4.2 Six-Port Range Sensor

Range information contained in the phase of I' is somewhat hidden. The
distances measured are much bigger than the wavelengths at the used frequencies,
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so the measure will be ambiguous as follows from the expression of (8.35), where
n is unknown

od

@+2mn=2 (8.37)

(4

To avoid this ambiguity, a second signal can be used [10], and the range can be
obtained measuring the phase shift between the I' coefficients at two frequencies

fi1and f,

(031 — o, )'d

c

¢, -0, =2 (8.38)

(f, — /) /2 sets the maximum unambiguous range. For example, a range of 100m

requires a frequency shift of 1.5 MHz. This distance measurement procedure
allows determining distance easily, even if the target speed is null. To obtain a
better accuracy in short distances without introducing ambiguity for the long
ranges, three frequencies can be used. When the target becomes closer than a
certain range, the system changes one of the transmitted frequencies so the
frequency difference between them is now larger (e.g., 15 MHz), which gives a
maximum range of 10m.

8.4.3 Radar Structure

Figure 8.12 shows the block diagram of the radar [10]. The microwave oscillator
is frequency modulated by a square signal, which gives the two different
frequencies needed for the range measurement. The modulator and the VCO may
be substituted by noncontrolled oscillators and a fast switch, as only three
different frequencies are needed. A portion of the emitted signal is coupled to the
six-port, which plays the role of a mixer.

Modulator VCO

O f——0—L|
" Modulation

Range Control

] Data

Spé@ Processing v

v

3 Data
A/D
Coﬁi‘ter

Sampling Frequency

Figure 8.12 Block diagram of a six-port radar. (© 2000 IEEE [10].)
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The received signal is injected to the port 2 of the circuit after amplification, and
power detectors are placed at outputs 3—6. The frequency of the four signals that
go into the analog to digital (A/D) converter is the Doppler frequency of the
target. These signals have different phases as they come from different linear
combinations of the signal at port 1 and 2. The signal processing unit finds and
determines the frequency and the range as described before. This unit also
commands the modulation in order to change the frequency shift as the target
becomes closer.

8.4.4 Radar Calibration

It is necessary to find the values of K; and ¢; in (8.32) before using the six-port
network. In this section, a straightforward algorithm is proposed [12]. The method
requires a minimum of five loads with a constant absolute value of the reflection
coefficient and unknown but well-distributed phases, followed by three known
loads. As mentioned in previous sections, speed and range are obtained from the
phase of T, so its magnitude is not used; hence, it is not necessary to calibrate it.
Even more, they are obtained from phase differences. Doppler frequency,
therefore speed, is derived from the phase difference of two points at the same
frequency, and distance is found with (8.38) from the phase difference of two
points, one at each frequency. Thus, calibration of the absolute phase of is not
required. In this case, the three known loads are now reduced to one, plus two
other loads with unknown magnitude and phase but with a known phase
difference between them.

8.5 ANTENNA MEASUREMENT USING SIX-PORT

8.5.1 Near-Field Antenna Measurement

As seen, the complex signal ratios (including magnitude and phase information)
can be determined using six-port network analyzers. Moreover, they can easily be
designed to operate in a dynamic range of 50 dB. Hence, they are an attractive
choice for near-field measurements [13]. A typical planar near-field antenna
measurement setup system is shown in Figure 8.13. It consists of a scanning frame
housed in an anechoic chamber, a receiver for detection of vector signals, and a
control and process unit. The test antenna radiation pattern can be directly related
to the forward transmission coefficient between the test antenna and a probe
antenna. An ideal six-port receiver would measure the transmission coefficient
directly. Furthermore, since near-field measurement techniques are approximate in
nature [14,15], the six-port network analyzer needs only measure transmission
coefficients with greater accuracy than the errors.
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Figure 8.13 Near-field antenna measurement systems.

To determine the far-field radiation pattern of an antenna under test, two sets of
measurements are required: the far-field radiation pattern of the probe, and, the
responses of the probe to the near-field radiated from the test antenna at
preselected points on a plane. These two sets of data are then sufficient to
calculate the test antenna’s far-field radiation pattern [14, 15]. From the point of
view of the measurements, the near-field antenna setup can be regarded as a two-
port network.

The two ports can be defined as being the planes at which the antennas are
connected to the measurement network. The two-port network is described by a
two-port scattering matrix S as:

b =S, a+S,.4, (8.39a)
B,=S,.a,+S,.4, (8.39b)

The signals ay, 4,, b;, and B, are as shown in Figure 8.14. The near-field
measurement technique introduces some constraints on the scattering parameters
Si The theory relies on the fact that the free-space radiation pattern of the test and
probe antennas are unaffected by mutual coupling. This assumption is equivalent
to the condition that the parameters S;; and S, in (8.39) are constants and do not
change for different probe positions [14].

Furthermore, for this assumption to be true, the two antennas should not be
strongly coupled, and therefore the product of the forward and backward
transmission coefficients S, 57, has to be small. In practice this is achieved by
positioning the probe and test antennas a reasonable distance apart. The small
dimensions of the probe antenna and proper spacing of the two antennas ensures
the ratio (a,/4;), the ratio of the signal entering the probe antenna to the signal
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entering the test antenna from the receiver, is small. This is assuming that there is
negligible leakage of the signal 4, through the receiver to the probe port and the
probe is not badly mismatched. Finally, under reciprocal conditions (Sy; = S;»), the
variable S,; is the only scattering parameter changing during near-field
measurements. The principles of designing a receiver to measure this parameter
are described in [13].

8.5.2 Polarization Measurement

A six-port polarimetric measurement system with the use of two dual-polarization
antennas can be realized to measure the polarization states of incoming waves
[16]. A six-port junction used for polarization measurement is shown in Figure
8.15. As can be seen, the two output ports of a dual-polarization receiving antenna
are connected to a six-port network.

Suppose the polarization state of an incoming wave as

"=p'v+b"h (8.40)

where vand h are vertical and horizontal unit vectors.
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Figure 8.14 A block of a six-port near-field antenna measurement system. (© 1987 IET [13].)

The polarization of the incoming wave can be determined by its polarization
ratio as,
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r=b'/0" (8.41)

The received signals b, and b;, from the antenna vertical and horizontal channels

are related to the incoming wave b” using

bl,-l RHV RHH bl'-'[

or

b"=Rb" (8.43)

where R is the transfer matrix of the receiving dual-polarization antenna and
accounts for the imbalance and coupling between its horizontal and vertical
polarization channels. By using six-port theory and according to (8.5), the signals

of the power detectors, b,(i =3,4,5,6), can be expressed as a linear combination

of two variables b, and b;, . Accordingly, b, and b, become
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Figure 8.15 Block diagram of a six-port for polarimetric applications. (©1997 IEEE [16] .)
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or
b = Mb’ (8.45)

whereband b’are the input and output signals of a six-port network. M is a
matrix dependent on the six-port network configuration and must be determined in
the calibration process.

By using (8.43) in (8.45), b and b" are related as
b = MRb" (8.46)

where R'=MR is the receiving transfer matrix. The incoming wave can then be
determined from (8.46) as

b"=R""'b (8.47)

The calibration procedures to determine the polarization state of an incoming
wave are discussed in [16, 17].

8.6 MATERIAL CHARACTERIZATION USING SIX-PORT

The six-port technique can be used to perform nondestructive permittivity
measurements. The measured permittivity is related to the reflection coefficient by
means of an effective transmission-line model.

This method is suitable for measuring relatively high-loss dielectric liquids.

8.6.1 Measurement System

Figure 8.16 shows a microwave permittivity measurement system. It consists of a
six-port microwave junction and a number of standard microwave laboratory
instruments (power meters, counters, sweepers, and so forth) controlled via a bus
interface. The device under test (DUT) is an open-ended coaxial test probe
immersed in the test liquid kept at a constant temperature [18].

8.6.2 Probe Model Analysis

An open-ended coaxial probe is used in this measurement system. Figure 8.17
shows the equivalent electrical model of the probe immersed into a test medium
with a relative complex permittivity €, An effective transmission line is used to
model the fringing electric field in the test medium at the extremity of the probe
[19]. Assuming a quasi-TEM propagating mode, the complex admittance at plane
AA'1s given by
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Y _ Y YE +‘]Y:1 tan(BdL)

_ 8.48
LY 4 Y, tan(B, L) (8.48)

where YL is the admittance at the input of the effective transmission line, Yd is
the characteristic admittance of the effective transmission line, YE is the
terminating admittance at the end of the effective transmission line, fd is
propagation constant in the test medium, and L is the effective transmission line
length.

For physical (radial dimensions of the probe versus wavelength) and practical
(resolution on the measurement of the complex reflection coefficient is

+0.5 degree and +0.5 percent in phase and amplitude values, respectively)
considerations, the radiation loss can be neglected [20]. In such a situation, the
terminating impedance is fully reflected impedance (open circuit) and the
admittance YE vanishes. Equation (8.48) becomes

Y, = j¥, tan(B, L) (8.49)

AN
Desktop
Computer
Graphical Graphical
N

Figure 8.16 Experimental block diagram of the six-port reflectometer. DC: directional coupler; BP:
bandpass filter; D1, D2, D3, D4: Schottky diode detectors. (© 1989 IEEE [18].)
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Figure 8.17 An open-ended coaxial line homogeneous medium.(©1989 IEEE [18].)

Y, can be expressed as a function of physical parameters of the effective
transmission line as follows:

Ve, (8.50)

Y, =—Y 1
60In(b/ a)

where a and b are the inner and the outer diameters of the coaxial probe,
respectively. Furthermore, the admittance Y; can be related to the characteristic
admittance of probe Y, and the measured reflection coefficient reported at plane
AA' as follows [18]:

1-T J2B,D
YL :{m—e Yz (8.51)

J2B.D
1+T e

where Y = \/;

“ 60In(b/a)

coaxial line (subscript ¢ for Teflon, & = 2.03-j.004), D is the physical length of the
probe, B, is the propagation constant in coaxial probe, and I',, is the complex
reflection coefficient at plane BB’ given by the six-port reflectometer. Substituting
(8.49) in (8.51) and using expression Y, as given by (8.50), one can get

, € 18 dielectric constant of dielectric material inside the a
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_]C\/g 1_1—‘ ejzﬁfD
€, = o Xcoteg(X 8.52
T 2mfL L+Fme’2‘3’D g(X) (8.32)

2nfL\/a

c
D is the physical length of the probe, L is the effective line length, ¢ is the wave
velocity in free space, and f'is the measuring frequency. This equation is used to
compute the permittivity from the measured reflection coefficient.

where X = , € 1s the complex permittivity of the dielectric under test,

8.6.3 Probe Calibration

In order to evaluate the relative dielectric constant and loss factor of the test
medium, we need to know the probe parameters D and L at each measuring
frequency. The determination of D and L is based on the use of two standard
dielectric mediums [18]. Substituting (8.49) in (8.51), one can obtain

28, _ p+rme_j2BdL

Le 1+pe_.j2BdL

m

(8.53)

where

Je —es
N N4 8.54
p \/§+\/§ (8.54)

The two calibration parameters L and D can then be evaluated by using (8.51) and
(8.53) with an iterative computation procedure. This method is also successfully
applied to determine the permittivity of moisture textile [21] and the measurement
of complex dielectric constant of ferroelectrics [22].

8.7 OPTICAL MEASUREMENT USING SIX-PORT

The six-port technique has received some attention from the optical community
after successful application of the six-port technique at microwave frequencies
[23, 24]. The early investigation on using six-port in optics was reported, in which
a six-port optical reflectometer was constructed, using free-space propagation, and
was used to measure optical complex reflection coefficients. The reasons for using
six-port technique in optical applications are probably related to the following
facts. First, the phase measurement of optical devices has been recently required
for many optical measurements. Second, the six-port measurement technique is an
optical domain continuous-wave (CW) interferrometric approach that requires a
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narrow line width and wavelength-stable source. These measurement instruments
are currently available at an affordable cost.

8.7.1 Optical Six-Port Junction Design

The three power ratio equations for a six-port reflectometer are obtained in
Section 8.1 as

P _|K|l-aur] (8.552)
B K ‘I_Q3FL‘2
p |k |N-qT,[
B _|K|t-q: L‘z (8.55b)
B K, ‘1_‘]3FL‘
B _|K[[-ar.f (8.55¢)
5K, ‘ ‘1_ %FL‘Z

The design criteria of the six-port junction aims at making these equations as
robust as possible by using one-port as a reference of the DUT’s incident power
and setting the remaining measurement ports in a symmetrical arrangement with
ports g4, gs, and g located at 120° over a circumference of radius approximately
equal to 1.5. Therefore, the objective is to get a six-port junction with

R =0 ¢, =0 (8.56a)

g, = %exp( J(0+7/3)) (8.56b)
4s = exp(j 0+ ) (8.560)
4, =5 exp(j (0-7/3) (8.564)

where 0 is an arbitrary angle. From an optical point of view, it must be noticed
that the six-port technique shares many similarities with other coherent optical-
frequency-domain  (C-OFD) techniques. Each of the power meters
(photodetectors) receives a combination, with different phases, of the two
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monochromatic waves to be compared (incident and reflected waves at the DUT)
so that each received signal (photocurrent) contains an optical interference term
that is proportional to the cosine of the phase difference; in fact, the six-port
technique could be properly defined, in optical parlance, as being a C-OFD
technique with phase diversity [24].

An architecture to implement the optimum six-port junction, as defined by
(8.56), is proposed in [24]. This junction uses multimode interference (MMI)
couplers.

These couplers can be easily constructed in planar lightwave circuit (PLC)
technology. MMI couplers are the basic building blocks of today’s photonic
integrated circuits because of their compactness, low loss, polarization
insensitivity, large bandwidth, high fabrication tolerance, and cascadability, which
allow interconnections to construct more complex structures [25].

The six-port optical architecture is shown in Figure 8.18. It is basically
composed of three MMI: two identical 2x2 couplers (M, and M,) whose phase
responses are unimportant and one 2x3 120° coupler (M3). The same architecture
contains two interconnecting waveguides: Wp is the waveguide (of length Lp)
between the reference measurement plane and port 1 of M,, and W, is a
waveguide (of length L) used to balance the design, as shown next. For the
theoretical analysis presented in this section, the remainder of the connections
between MMIs is considered to be direct (i.e., zero length of interconnecting
waveguides).

The first MMI (M) acts as a power divider (a nonreflective load has been added
to its port 2) and is used to get a sample of the power incident on the DUT into the
measurement port P (so that R;=0). The second MMI (M,) is used as a directional
coupler, i.e., to separate the incident and reflected waves in the DUT that is, at
ports 2 and 3.

As signals have traveled different optical paths, and hence suffered different
phase shifts, a length of waveguide W is included, as shown in Figure 8.18. To
balance the design, the 2x3 MMI (M;) has been designed so that at any output port
the two input signals are present with equal amplitudes and relative phases of
120°. This is the key component of the six-port junction as it is mainly responsible
for placing the g4, g5, and g constants on a circle with a 120° phase difference.
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Figure 8.18 An optical six-port architecture. (© 2005 IEEE [24].)
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8.7.2 Optical Six-Port Analysis

The S-parameters of the different components of the circuit, shown in Figure 8.18,
are obtained as

W, .S, =exp(j&,) (8.57a)
We S, =exp(jEc) (8.57b)
exp(J @)
S31 = S42 = T
MM, , (8.57¢)
g _g exp(j(e—m/2))
41 — M32 T \/’
2
exp(Jy)
S5 =85, = ~ 5
exp(j(y—m
M,:1S, =S, = p(f%’ ) (8.57d)
exp(j(y —2n/3))
S51 S32 = \/5
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where phase shifts E.and &,are related to the optical length

(lo =Lcnyand [, =L,n, ) of the corresponding waveguides by

i
Ecp :%w (8.58)

Both ¢ and vy take arbitrary values given approximately, near the design
frequency ,, by the first-order Taylor expansion, as

lM
o=0¢,+——(0-0,) (8.59)
c
Ly
y=y, +—(0-0,) (8.60)
c

where [, =L, n, and [, =L, n, are the optical lengths of M, and M;

respectively. For the remaining parameters, the relation §; =S, between

scattering parameters linking any two ports is valid by reciprocity theorem, and
we also suppose, for the theoretical analysis, infinite directivity and perfect
matching conditions. Simple analysis of Figure 8.18 yields

= #A?Mb; (8.61a)
Sye S g
b, =Sy al +Syb! (8.61b)
by =S, a)+ S, b (8.61¢)
and
b, =S al + S5 b} (8.61d)

In addition, from Figure 8.18 and taking into account (8.57) we get



228 The Six-Port Technique with Microwave and Wireless Applications

al = Sy Sita, 2 epE —2E —a)
. SaESE == e r, (8.62)
b, = b, b, N2

WD M2
Slz S13

Finally, introducing (8.62) into (8.61) and taking into account (8.57), one finally
obtains the following expressions for the power at the four measurement ports
[24]:

B =|b[ =2|p,| (8.632)

P, =[b,[ =é\bz\2 I, V2 exp(j(ee 28, ~o+n/3)|  (8.63b)

1
P=ppf =<l |r, V2 exp(iE ~28, —o+m)|  (8.630)

and

1
B = o[ ==[baf |1, —VZexp(je, 28, —o-n/3)]  (8.630)

with

0=E5.-28,-¢ (8.63¢)

Thus, the proposed topology fulfills the design goals given by (8.56) with the
center point parameters ¢; located at 120° on a circumference of radius 1.41, and
with an arbitrary angle 0.
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