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ABSTRACT

DESIGN AND REALIZATION OF BROADBAND
INSTANTANEOUS FREQUENCY DISCRIMINATOR

Pamuk, Gokhan
M. Sc., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Nevzat Yildirim

June 2010, 190 pages

In this thesis, RF sections of a multi tier instantaneous frequency measurement (IFM)
receiver which can operate in 2 — 18 GHz frequency band is designed, simulated and
partially realized. The designed structure uses one coarse tier, three medium tiers and
one fine tier for frequency discrimination. A novel reflective phase shifting technique
is developed which enables the design of very wideband phase shifters using stepped
cascaded transmission lines. Compared to the classical phase shifters using coupled
transmission lines, the new approach came out to be much easier to design and
fabricate with much better responses. This phase shifting technique is used in coarse
and medium tiers. In fine frequency measurement tier, I/Q discriminator approach is
used because reflective phase shifters would necessitate unacceptably long delay
lines. Two 1/Q discriminators are designed and fabricated using Lange directional
couplers that operate in 2-6 GHz and 6-18 GHz, resulting in satisfactory response.
Additionally, 6 GHz HP and 6 GHz LP distributed filters are designed and fabricated
to be used for these I/Q discriminators in fine tier. In order to eliminate possible
ambiguities in coarse tier, a distributed element LP-HP diplexer with 10 GHz cross-
over frequency is designed and fabricated successfully to be used for splitting the
frequency spectrum into 2-10 GHz and 10-18 GHz to ease the design and realization
problems. Three power dividers operating in the ranges 2-18 GHz, 2-6 GHz and 6-18

GHz are designed for splitting incoming signals into different branches. All of these

v



dividers are also fabricated with satisfactory response. The fabricated components
are all compact and highly reproducible. The designed IFM can tolerate 48 degrees
phase margin for resolving ambiguity in the tiers while special precautions are taken
in fine tier to help ambiguity resolving process also. The resulting IFM provides a
frequency resolution below 1 MHz in case of using an 8-bit sampler with a frequency

accuracy of 0.28 MHz rms for 0 dB input SNR and 20 MHz video bandwidth.

Keywords: Instantaneous Frequency Measurement Receiver, Frequency

discriminator, Reflective phase shifter, Wideband phase shifter.



Oz

GENIS BANTLI ANLIK FREKANS AYRISTIRICI
TASARIMI VE GERCEKLENMESI

Pamuk, Gokhan
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Nevzat Yildirim

Haziran 2010, 190 sayfa

Bu tezde 2-18 GHz frekans bandinda ¢alisabilen anlik frekans 6l¢en ¢ok kollu bir
almacin RF boliimii tasarlanmis, benzetimi yapilmis ve kismen gerceklenmistir.
Tasarlanan yapi bir adet diisiik, ii¢ adet orta ve bir adet yiiksek ¢oziiniirliikte frekans
Olclimii yapan kollara sahiptir. Diisiik ve orta seviye ¢oziiniirliikte frekans 6l¢timii
yapilan kollarda, bu tezde gelistirilen kademeli siral1 iletim hatlarindan olusan genis
bantli yansitic1 faz kaydiricilar kullanilmigtir. Bagli iletim hatlarindan olusan klasik
faz kaydiricilarla karsilastirildiginda, tez sunulan faz kaydirma yaklasiminin daha iyi
sonuglar verdigi ve tasariminin ve iiretiminin daha kolay oldugu goriilmistiir.
Yiiksek ¢oziiniirliikli frekans 6l¢iimiiniin yapildigi kolda, yansitic1 faz kaydiricilarin
cok uzun geciktirme hatlarina ihtiya¢ duymasi sebebiyle I/Q ayristirma yontemi
uygulanmistir. Bu amacla Lange baglayicilarinin kullanildig: biri 2-18 GHz digeri ise
6-18 GHz frekans bandinda ¢alisan iki adet I/Q ayristirici tasarlanmis ve iiretilmistir.
Bu ayrnstiricilarin 6l¢iim sonuglart oldukca iyi ¢ikmustir. Ayrica, bu ayristiricilarin
girislerinde kullanilmak iizere dagitilmis elemanli 6 GHz yiiksek ve algak gecirgen
filtreler tasarlanmis ve iretilmistir. 2-10 GHz ve 10-12 GHz frekans bantlarini
ayirarak diisiik ¢coziintirliikli frekans 6l¢iimii yapilan koldan kaynaklanabilecek olasi

belirsizlikleri bertaraf etmek amaciyla, 10 GHz gecis frekansina sahip algak-yiiksek
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gecirgen filtre tipi dagitilmis elemanli bir diipleksér tasarimi ve gergeklemesi
yapilmustir. Ayrica 2-18 GHz, 2-6GHz ve 6-18 GHz frekans bantlarinda ¢alisan gii¢
boliiciiler tasarlanmus ve iiretilmistir. Uretilen bu gii¢ béliiciilerden de oldukga iyi
sonuglar elde edilmistir. Uretilen pargalarin hepsi kompakt ve tekrar iiretilebilir
yapidadir. Tasarlanan almag¢ 48 dereceye kadar olan faz hatalarini tolere edebilecek
durumdadir. Ayrica yiiksek c¢oziiniirliikli frekans Ol¢timlii yapilan kolda olasili
belirsizlikleri ¢ozmek amaciyla tasarimda dnlemler alinmistir. Tezde sunulan almag
yapisy, 0dB giris SNR’1 altinda, 8 bitlik bir 6rnekleyici kullanilmasi halinde 1
MHz’den daha kiigiikk bir frekans olglim ¢oziintirliigiinii 20 MHz’lik video bant
genisligi icin 0.28 MHz’lik (rms) 6l¢iim dogrulugu ile saglayabilmektedir.

Anahtar Kelimeler: Anlik Frekans Olgen Almag, Frekans Ayristirici, Yansitict Faz
Kaydirici, Genis Banth Faz Kaydirici
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CHAPTER 1

INTRODUCTION

1.1 Frequency Discrimination Overview

Instantaneous Frequency Measurement (IFM) receivers are among the essential
components in Electronic Warfare (EW) systems and frequency discriminators form
the heart of the most IFM receivers. Especially in broadband operations, as well as
digital processing, analog processing of the input RF signal is necessary for [FM

structures.

In order to accomplish to design a suitable IFM structure, the way of operation and
fundamental requirements of frequency discrimination process must be well

understood. A simple block diagram of an IFM is given in Figure 1.1 as an example.

The operation of a digital frequency discriminator is basically as follows:

1. Input signal entering to the system is divided into several paths.

2. Divided signals enter phase discriminators. Here, the phase shifts are applied
to each incoming signal.

3. Phase shifted signals are mixed with a reference signal. Output of this mixing
process contains DC voltage values which changes according to input
signal’s frequency are obtained.

e The reference signal used in this mixing process may be the original
input signal or one of the phase shifted signals or a specific signal

generated by a local oscillator in the system.



4. The output DC values obtained from the mixing process are sampled by A/D
converters.

5. Arithmetic Logic Unit (ALU) first solves possible ambiguities then estimates
the input signal’s frequency and creates a pulse descriptor word (PDW) for
the IFM receiver.

e Estimation of input frequency can be done by using pre-installed look-
up tables into system. These tables may contain the relationship
between voltage, phase and frequency. On the other hand both in
ambiguity solution and estimation processes obtained DC values may

be used in sorting algorithms and/or simple mathematical/trigonometric

Power Divider(s) Arithmetic Logic Unit

(ALU)

equations.
o — e —— ———————— ~
' |
' |
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' |
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Figure 1.1 Basic block diagram of an IFM.



1.2 A Short History of IFM

The first radar system was introduced in the United States and Britain in 1930s [1]
and played an important role during World War II for military uses [2]. Ever since
then, its applications have comprehensively developed to other areas including

Electronic Warfare (EW).

EW systems cover a very wide range of equipment to intercept radar or
communication signals and to recognize and possibly locate threat emitters and their
military platforms to gain a tactical advantage. The Electronic Support Measures
(ESM) function is one of the key parts of an EW system. For ESM applications,
frequency is reckoned to be the most important radar parameter. It is a very good
descriptor of an emitter and therefore it is used in sorting and de-interleaving
processes in especially dense signal environments. By this way, correlation of similar
emitter reports from different stations and emitter identifications/classifications can
be done. Knowing the frequency of possible enemy emitters has also an important
role in active Electronic Countermeasures (ECM) systems to define correct operating
band for noise or deception responses, optimizing output power and jammer
effectiveness. Thus, accurate real time indication of the carrier frequency of radar
signals is an essential link in EW concept. So microwave receivers have become an
important research area because of their applications in EW. Accordingly, the
importance of using microwave frequency discriminators in EW receivers is also
increasing as the complexity of the signal environment continues to advance and the
need for better signal information is required to perform the even more demanding

EW functions.

Several different types of frequency analysis receiver are available at the present
time, but none satisfies all the requirements placed by today’s operational scenarios.
Judging from the number of suppliers, however, the digital instantaneous frequency
measuring (IFM) receiver, based on delay line discriminators, comes the closest and

has become a major EW building block over the past 20 years [3].



The first practical delay line frequency discriminator circuit for wideband
measurement of pulsed microwave signals was demonstrated by S. J. Robinson at
Mullard Research Laboratories (MRL, later to become Philips Research
Laboratories) in 1957 [4]. Application to EW receivers in an analogue form followed
almost immediately. Robinson used a Polar Discriminator to generate analogue
voltages which deflected a spot on a CRT screen. In these structures, the input signal
amplitude was obtained from the magnitude of the vector appearing on the X-Y
plane and the angle of this vector was changing linearly proportional to the input
signal frequency. Modern discriminator components have evolved considerably over
the years, but their operation is essentially the same. Video outputs are produced
synchronously with the input RF signal and they are processed to generate sinusoidal

video functions of frequency.

Further developments, such as digitization of video signals and combining multiple
parallel discriminators with various delay line lengths naturally followed yielding
digital frequency discriminators (DFDs). Nowadays, digital frequency discriminators

are the most used discriminators in modern receivers.

1.3 IFM Structures

1.3.1 Time Domain Frequency Measurement

The simplest method of frequency measurement is the frequency counter. Figure 1.2
shows a simplified counter arrangement where input RF is amplified and used to
drive a binary counter via a gate controlled by a timing circuit. After the timing
interval the count stored in the counter is proportional to the RF input frequency.
High resolution and accuracy are possible by using a long timing interval and high

stability reference clock in the timer.
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Freq.
Data

Figure 1.2 Simplified Frequency Counter

When EW requirements are considered, using such a counter is insufficient for
measuring emitter frequency with a high resolution. Also the operating frequency
band is limited to a few hundred MHz by the counter logic circuits so that RF down
conversion would be required, adding to the complexity. But other than EW

operations, frequency counters are still in use for basic applications [5].

1.3.2 Frequency Domain Discriminators

1.3.2.1 High-Pass / Low-Pass Discriminator

Most discriminators used in EW systems employ frequency domain circuits where
frequency information is derived from the frequency selective characteristic of a
microwave circuit. Since the required frequency information is at video bandwidths
(<100 MHz) the frequency selective circuits include detectors outputting video
signals only. Figure 1.3 shows how a low-pass filter followed by a detector can be

used to discriminate between frequencies lying in the skirt region of the filter.
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Figure 1.3 Low-pass discriminator.

The detected amplitude, however is also a function of the input signal amplitude,
hence the arrangement shown in Figure 1.4 is used to remove the amplitude

dependence by taking the ratio of the two detected outputs.

This simple arrangement has been used in low cost Radar Warners, it is restricted to
very coarse frequency measurement only and mainly used in channelized activity
detectors. Still efforts continue to improve the resolution of filter based

discriminators like the one studied in [6], [7] and [8].
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Figure 1.4 Ratio discriminator.



1.3.2.2 Delay Line Discriminator

Delay-line discriminators form the heart of most modern IFM receivers. They
generate the basic signals which vary as functions of frequency across the defined
operating band. The optimum output shape for a discriminator is a sinusoidal output

voltage as a function of input frequency.

Most of the delay line discriminators are based on the principle of combining
together two signal paths of different lengths to generate constructive and destructive

interference which is detected as given below.

V, =1-sin(wT)
) Quadrature
V, =1+sin(wT)
1.1
V, =1+cos(wT) (4.1
In—Phase
V, =1-cos(wWT)
Divider
Delay T Det

Divider Vs

RF IN _@ Det COUpIer |
fr— Bl Vz Det

>< Coupler Det

Coupler

Figure 1.5 Delay line discriminator using 90 degree hybrid couplers.

The fidelity of the video outputs depend on the losses in the delay element,
matching/isolation of the splitters/combiners, matching/transfer characteristics of the

detectors and other various practical circuit imperfections.

Vs

Vi



Choosing the delay lines are another subject that must be considered. Using long
delay lines may cause unequal power division. According to that, gain equalizers
must be used in order to compensate the loss of the delay element. Because large
imbalances of power arrived to the detectors may lead to video output offsets and

large phase errors.

On the other hand, the hybrid couplers become extremely difficult to manufacture
when designed for ultra-broadband operation since very tight couplings are required.
Alternative structures are also considered about delay line concept like the one

presented in [9].

1.3.2.3 Three-Phase Discriminator

As described for the I/Q discriminator in the above section, although very commonly
used in IFMs, other than using 4 outputs, only three video outputs are sufficient to

convey unambiguous 360 degree phase information.

Figure 1.6 shows the ideal outputs of a three-phase discriminator where the three
video outputs vary sinusoidally vs frequency and phased 0, 120, 240 degrees.
Discriminators with these characteristics may be designed using very simple

structures operating over large bandwidths as studied in [10].

Unambiguous BW

Qutput

Frequency

Figure 1.6 Three-Phase Discriminator Output

Figure 6 shows the conceptual schematics of a reflection mode discriminator where a

short circuited transmission line is fed from a source of resistance Rs. The resistance



Ry represents the video detector diode which is used to detect the amplitude of the

combined incident and reflected voltages.

7. 8 K
| P
Rs

— z+ .

'\ Frequenc?;r
z=0 O=m(n+lz)

Figure 1.7 Reflection-mode Discriminator

The expression for the voltage at any point over the transmission line is given by
equation (1.2). Here V *e " represents the incident wave propagating in +z direction
and V e"* represents reflected wave propagation in -z direction. p is the phase
constant and “z” is the distance to the load which is located at z=0. I" is the voltage

reflection coefficient with 0 being the phase angle of the reflection coefficient. F(O)

stands for the reflection at the load.

—atif . ) .
F(2)= g =T (0 = 1(0)= [ (0)e” = e (1.2)

The total voltage over the line and its magnitude are given as follows.

V=Vie 4V e =1(0)=V =V ie i +T(0) ) (1.3)

V+

vI=p

e+ (0) | (1.4)

Magnitude of the total voltage at the position z=-d of Ry is formulated through
equations (1.5) to (1.8).



e +T(0f | =

(0=

e“ﬂ‘ =

e =1 (1.5)

vI=p

Here, T’ (O) in equation (1.5) is equal to 1 as given in equation (1.6).

r(0)=pe’ = e =1 (1.6)

So the voltage value will be;

M :r\p p+iA +pej(9—2ﬁl>‘
(1.7)
\/(1+,ocos(<9—2ﬂ|))2 +(psin(@-241))
V| =N+ p) —2p(1—cos(@—2A))
(1.8)

\/1+p 4psin2(ﬂ| —%)

The minimum and maximum voltages will occur according to the sine function in the

equation above.

will be;

When sinz(ﬂl —%)= 0= (ﬂl —%)2 N7 Vi

Vo =V (1.9)
And when sin® (41~ 94 )=1= (81~ 94 )= (20 +1)74 , V.., | will be;
Vol =V *|(1= 0 (1.10)

So, considering the simple circuit shown in Figure 1.7, when the frequency of the
source is such that the line length is a multiple of half wavelength the power
dissipated in Ry will be a maximum and conversely at odd multiples of quarter

wavelengths the line will appear open circuit and no power will absorbed in Ry.
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Now by combining three of these networks, and replacing R by series mounted
detectors the circuit shown in Figure 1.8 is formed, which is the basis of the

Reflection Mode Three-Phase Discriminator.

Fy O=nm + QB
R, > o
7., 0 I_ 3 L
< |
Rs
'\ Frequencg'
@=m(n+¥z) + 2

Figure 1.8 Reflection Discriminator with Phase Shifter

—i<— Z=15 | 120

| Z=15 F— s0 _l
1
j'

—

/iy

" T =

Figure 1.9 Three-phase discriminator.

The impedance levels required for a 50 ohm feed are 75 ohm detector resistances and

75 ohm lines and phase shifters, as developed in equations (1.11) to (1.16).

2,.=2,12,1Z, = Z, =1 (1.11)
Zl = ZZ = Z3 = ZL = Zline+shifter + ZDetector (112)
Zline+shifter = ZDetector =Z (113)
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Zin:ZL//ZL//ZL:Zin:(Z%j//zL (1.14)

LB iy

z-2,(%) (1.16)

The discriminator will then be matched at the input port. All available power will be
split between the three detectors equally. The structure is explained and presented by

a figure (Figure 1.10) below. Here, assume that the input wave is Acos(wt)

m@

50

ea—l

A\ A\ r {1\ ‘

O_J,

Figure 1.10 Reflection discriminator signal paths.

1. An input wave packet is split equally three ways. So the input will be

%COS(W'[) at each branch.

2. Half of each wave is absorbed from detectors at the branches.

3. The remaining power, %gcos(wt) , propagates to the lines and phase shifters.

4. At each branch, incoming waves will be delayed (W%), reflected back from the

phase shifters with a phase shift and delayed again. So the reflected waves at the

12



common feed will be %gcos(wt + Wz +240), %gcos(wt +wrz+120), and

7\/gcos(wt +W7)

5. The mutual phase difference between the reflected waves will create a virtual

earth at the common feed. This situation can be explained as follows.

\Y = Bcos(Wt + w7z +240)+ B cos(wt + wz +120)

terml term2

common _ feed _reflected

(1.17)
+ Bcos(wt+wr7)
%f—/

term3

Here, the trigonometric identity given below can be used
cos(a x ) =cos(a)cos(f) F sin(x)sin( ) (1.18)

then the summation terms 1 and 2 will be respectively;

Bcos(a +240) = B(cos(a) c0s(240) —sin(ex) sin(240))
3 1 (1.19)

= B| sin(e)— —cos(a)—

( (@) 5 (@) 5
Bcos(a +120) = B(cos(a) cos(120) —sin(«) sin(1 20))

(1.20)
= B(— cos(a) 1 sin(a) EJ
2 2

Here, a = W(t + 7). If we sum the terms above with the term3, then the result will

be equal to;

V =terml+term2 +term3 =0 (1.21)

common _ feed _reflected

So the reflected waves will only see the 75 ohm detectors and they will be
absorbed.

6. Detectors will act as a “single balanced mixer”. So incident and reflected waves
will be mixed. At each branch, mixed waves will have DC values,

Ccos(wz +240), Ccos(wz +120) and Ccos(w7). Thus, it is seen that these DC

values are related to the input frequency from which the frequency information

can be extracted.
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1.4 Scope of the Thesis

In this thesis, RF sections of a multi tier instantaneous frequency measurement (IFM)
receiver operating in 2-18 GHz range is targeted, with possible fabrication of some
of the critical components. Presented structure is simple, compact, highly

reproducible and can be used in IFM receivers for airborne applications.

The design and simulation stages are completed successfully. Some components are
also fabricated yielding the expected results. The block diagram of the designed RF
section of the IFM is shown in Figure 1.11. The structure contains a series of
discriminator tiers operating in parallel to give the required resolution
unambiguously over the operating band. It has the following blocks: One coarse tier,
three medium tiers and one fine tier. These tiers are separated according to their
frequency resolution measurement capabilities and each tier is used to resolve the
ambiguity of the adjacent tier.

2-18 GHz
Power
Divider

Coarse Tier

\—\“ lMedium Tier 1 l

218GHz ["'\";‘_::4{ Medium Tier 2‘
Power
Divider /

4{ Medium Tier 3

{ > 6GHzLPF }—‘ [
/T 26 GHz IIQ
Discriminator
218GHz \ |
Power > 6 GHz HPF L

Divider

]
!

2-18 GHz
FPower
Divider

2-18 GHz
Power
Divider

T 6GHzLPF

Delay Line 6-18 GHz llQ

%4

2-18 GHz ] Discriminator
Power 2-18 GHz
Divider Power - 6GHz HPF [
Divider :
Fine Tier

Input RF Signal
(2-18GHz)

Figure 1.11 Basic block diagram of the discriminator.



The most critical components for the RF part of an IFM are phase discriminators
(also called as phase correlators). These structures are used to employ phase shifting
networks and delay lines which are used to insert different phases to the incoming
signal. As will be detailed in the succeeding chapters, much of the efforts in this
thesis are directed to the design and realization of phase shifters, resulting in novel
reflective phase shifter structures operating successfully over the targeted frequency
band. Presented phase shifting technique is used coarse and medium tiers. These tiers
cover the determined frequency range in a single band. According to the theory of
operation, an ambiguity in coarse tier is not tolerated. Due to this reason, in addition
to the reflective phase shifting network, a 10 GHz diplexer is used in order to get a
hint about whether the input signal’s frequency is below 10 GHz or not. Unlike the
other tiers, because reflective phase shifters would necessitate unacceptably long
delay lines, fine tier is designed by using a more conventional approach by using I/Q
discriminators and employing Lange directional couplers. However couplers are
usable only up to around 1.5 octaves. For this reason fine tier has two different
discriminator structures which operate in 2 — 6 GHz and 6 — 18 GHz frequency

ranges.

The designed structure seems to be able to measure the input signal’s frequency with
1 MHz resolution and 0.28 MHz accuracy (rms) under the assumption that 8 bit A/Ds
are used in the sampling process, an input SNR of 0dB and 20 MHz video
bandwidth. In addition to the whole system design of the RF part, coarse and fine

tiers shown in Figure 1.11 are also fabricated and measured.

1.5 Outline of the Thesis

The thesis is organized as follows:
This introduction chapter is followed by Chapter 2 which introduces the basic

concepts for frequency discriminator design. Background theory is given for a

typical frequency discriminator structure. Fundamental criteria for a discriminator
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such as measurement resolution and accuracy, number of phase shifting tiers and

phase margin are discussed by presenting necessary derivations and calculations.

Chapter 3 describes various phase shifter network alternatives as candidates to be
used in the frequency discriminator. Simulations and optimizations performed by
using Advanced Design System 2006A". Discussions and comparisons are made
according to these simulations and additional calculations. At the end of this chapter,

the appropriate structure is decided, designed and simulated.

Chapter 4 presents the components of the frequency discriminator. The choice of
fabrication materials is discussed. Designs, simulations and layout drawing are given.
In that chapter, simulations are done by using ADS® and in addition to that, for a
specific problem HFSS" is also used. Solutions to probable problematic subjects that
can be encountered in realization process are explained. Measurement results of

manufactured components are also presented and discussed in this chapter.

Chapter 5 summarizes the work presented in this thesis by mentioning the important

points of design and fabrication steps.

Chapter 6 gives the conclusions about the thesis done and the possible future works.
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CHAPTER 2

BASIC CONCEPTS

2.1 Signal Spectra and Instantaneous Frequency

The spectral components S(w) of a time domain signal s(t) can be calculated by

using the Fourier transform

S(w)= _Ts(t)e‘jw‘dt @1

Figure 2.1 shows the spectrum of a pulse of an RF signal with carrier frequency f,

Hz and duration T seconds

Carrier
Frequency.fu
2r | 27
=/ Z
1] e I fg T
|
|
NN PN
0 T Time \_/ fo N/ Frequency
RF Pulse
Envelope Spectrum

Figure 2.1 Spectrum of an RF Pulse

Although the amplitude of the spectrum is maximum at the carrier frequency, as T

reduces the spectrum widens and that makes the exact determination of f, more

uncertain. This introduces the fundamental constraint on frequency measurements:

The uncertainty degree of a frequency measurement is inversely related to the
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duration of the measurement time. The term “instantaneous frequency” when
interpreted literally is thus meaningless and needs to be defined in a more practical

way. This can be done by assuming that the signal S(t) can be expressed as

s(t)= At)e!" (2.2)

and that A(t) is a slowly varying function of the time relative to 49(t), the

instantaneous phase. Now the instantaneous frequency is defined as

_de()
I:inst - dt (23)

The restriction imposed on A(t) is normally well satisfied in most practical cases for

two reasons as follows: the video bandwidths (signal envelope bandwidth) for most
signals of interest are much smaller than the carrier frequency and amplifiers with
limiting characteristics are normally required dynamic range compression, hence
amplitudes are limited to a constant level. Although the instantaneous frequency is
now defined at an instant in time, the measurement of rate of change of phase still

requires a finite time interval.

2.2 Principle of Operation

Consider a sinusoidal wave which is split into two paths by a power divider as shown
in Figure 2.2a. Here, one of the divided signals is delayed a constant time with
respect to the other one. This time delay creates a phase difference between the
outputs of two paths. Figure 2.2b and Figure 2.2¢ show delayed and undelayed
versions of different sinusoidal waves. As presented in this figure, for the same time
delay, phase angles change with respect to the frequency. The relative delayed phase

angles are

0, =w,r (2.4)
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0, =W,z (2.5)

Since w, > W, , then 6, > 6,

Undelayed
Path
Input
Delayed
g Path
Power Divider
(a) Schematic diagram
im
A —
W
———————— »

VEAVARVARVA

(b) Signal with Angular Frequency w,

/\ /\ Delayed Wave
/ \/ \/Time

=%

(c) Signal with Angular Frequency w, (w, > W, )

Figure 2.2 Phase relation of sinusoidal waves with constant time delay
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Equations (2.4) and (2.5) show that the phase angle is directly proportional to the
input signal frequency. In an IFM receiver, a proper delay line 7 is introduced. By
measuring the phase delay between the undelayed and delayed signal, the frequency
of the input signal is obtained. Since the amplitude of the signal does not affect the

relative phase angle, the signal strength can be measured at the same time [11].

An example of a frequency measurement circuit in a practical IFM receiver is given
in Figure 2.3. The incoming signal is divided into delayed and undelayed paths. Both
of these signals are fed into a phase correlator which has four outputs, and each of
them is followed by a detector. The outputs of the detectors are connected to the
inputs of two differential amplifiers. The differential amplifier is used to take the

difference of its two input signals. If one input is V, and the other one is V,, then the
output of the differential amplifier V, = AV, =V,) where A is the amplification

factor. The outputs of the differential amplifiers can be either digitized or directly

displayed on a scope to obtain the frequency information.

4 1 4 2 Differential
. Amplifier 1
sinlwi+6&—1wr) E
N
AN
N
T : B
Input
- < (&
/
/
/ F
Power - )
Divider smwr )
Dl D,
L Differential
o Amplifier 2

Discriminator
Circuit

Figure 2.3 Basic frequency measurement circuit of an IFM receiver [11].

A typical frequency discriminator (also called as phase correlator or phase
discriminator) is a passive component which contains usually four hybrid circuits. Its
function is to introduce constant phase angles to each of the two input signals and

combine them in a certain way. These discriminator circuits may have different
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designs. A general discussion will be presented here by using Figure 2.3 to refer to
the signal at each point. In order to provide a universal concept on the phase

discriminator, the following steps are taken [11]:

1. The signals are known.
2. The desired outputs at E and F are specified.
3. The detectors are square law devices followed by low-pass filters.

4. With the input and output specified, signals at A, B, C, and D, are
assigned so that after the detectors and differential amplifiers, the outputs will

match the desired ones at E and F .

5. For simplicity, neglect the amplitude on each signal and assume that all

amplitudes are units. Then assume that the input signal is

sin(wt + 0) (2.6)

where W is the angular frequency and @ is its phase angle. At the input of the phase
discriminator, the two signals are sin(wt + 49) and sin(vvt —~wrz+8), where 7 is the

delay time introduced on one of the two outputs from the power divider. Assume that

desired E and F are

E =sin(wr) (2.7)

F = cos(wr) (2.8)

Here the relative amplitude of E and F can be measured to determine w7, which
in turn determines the frequency of the input signal, because 7 is a known value. In
order to obtain the equations (2.7) and (2.8), the terms sin(W r) and cos(W r) must be

present at the inputs of differential amplifiers E and F . The required outputs from
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the discriminator can be designed as follows. The input that can produce sin(Wr)

after a square law detector is

A =i[sin(Wt+CDA)+ cos(Wt—Wr+CDA)] (2.9)

or

A = +[sin(wt —wz +®, )—cos(wt+ D, )| (2.10)

The input that will produce —sin(wz) is

B, = #[sin(wt —wz + @, )+ cos(wt + D, )] 2.11)

or

B, = #[sin(wt + @, )—cos(wWt —wz + @, )] (2.12)

The input that will produce cos(wz) is

C = i[cos(\A/t—CI)C)+ cos(Wt—WerCI)C )] (2.13)

or

C, = #[sin(wt + @ )—sin(Wt —wz + D, )] (2.14)

The input that will produce —cos(wz) is
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D, = +[cos(wt + @, )—cos(Wt —wz + D )] (2.15)
or
D, = +[sin(wt + @, )—sin(wt —wz + D )] (2.16)

where ®,, ®,;, ®. and @, are phase angles at the output of the phase

discriminator. Equations through (2.9) to (2.16) can be treated actually as two sets of
equations: (2.9)/(2.10) and (2.11)/(2.12) form one set, (2.13)/(2.14) and (2.15)/(2.16)

form another set.

The outputs from detectors are the square of the input signals. Thus;

A=A
= 2sin(wt + @, )cos(Wt —wz +® , )+sin’ (Wt + D, )
+cos’(Wt—wz +®D,) (2.17)

=sin(wz)+sin(2wt —wz + 2D, )+1

+%cos2(wt—Wr+®A)—%cos2(Wt+CDA)
or

A=A’
= —2sin(Wt—Wr+CDA)cos(Wt +CDA)+ sinZ(Wt—WT+CDA)
+cos* (Wt + @, ) (2.18)

= sin(wz)—sin(2wt —wz +2®, )+1

+%cos2(Wt+®A)—%cos2(Wt ~Wr+®d,)

Similarly
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or

or

or

= —sin(wt)+sin(2wt —wz + 20, )+1

—%cos2(Wt—Wr+CDB)+%cos2(Wt+CDB)

= —sin(wz)—sin(2wt —wz +2d, ) +1

—%cos2(wt+®8)+%cos2(wt ~Wr+D,)
C,= Cl2

= cos(Wr)+ cos(ZWt —Wr+2<I>B)+1

—%cosz(wt+®c)+%cos2(wt ~Wz+D)

C,=C/’
= cos(Wz)—cos(2wt — Wz + 2D ) +1
—%cosZ(Wt—i—CDC)—%cos2(vvt—Wr+q)c)
D, =D/’
= —cos(Wz)—cos(2wt —wz + 2D )+1
+%cosZ(WHCDD)Jr%cosZ(Wt—WrHDD)

D, =D/’

= —cos(Wr)+ cos(2Wt —W7+ 2CI)D)+1

—%cos2(Wt+CI)D)—%cos2(Wt—Wz'+(I)D)
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In equations through (2.17) to (2.24), the terms sin(Wr) and cos(Wr) are constants

(or in other words, DC voltages from the output of the detector), since W is a
constant (angular frequency of the incoming signal) and 7 is a constant (the delay

time in the phase discriminator). All of the other terms (e.g. cos 2(Wt -W7+ CDC) and

sin(ZWt -W7z+20 A), etc.) are the high frequency terms, and their frequency doubles

that of the input signal. These high frequency terms can be filtered out by the low-
pass filters formed at the outputs of the detectors. Therefore, the actual signals at the

inputs of the differential amplifiers are

A, =1+sin(wr) (2.25)

B, =1—sin(wr) (2.26)

for the top amplifier (amplifier 1 in Figure 2.3) and

C, =1+cos(wr) (2.27)

D, =1—cos(wr) (2.28)

for the bottom amplifier (amplifier 2 in Figure 2.3). At the outputs of the amplifiers,

these constant terms cancel out.

E = 2sin(wr) (2.29)

F =2cos(wr) (2.30)

These are the desired results. They can be either displayed in a polar form or

digitized and fed into a digital processor. For a polar display, x=E = 2sin(Wr) and

y=F= 2cos(Wr). Then the angle of the polar display is
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237 cos(wr)
Ay

Input

0 = tan™ (gj —wr 2.31)

Thus, the frequency W is linearly proportional to the angle 6. Next section will
present an actual network that will provide the required phase discriminator outputs

(A, B,, C, and D,) to fulfill the equations (2.9) through (2.16) and get the desired

result given in (2.31).

2.3 Phase Discriminators

In this section a typical discriminator circuit is presented by using the same structure
given in Figure 2.3. Figure 2.4 shows a basic discriminator which contains one
power divider, one delay line, three 90 degree hybrid couplers, one 180 degree

hybrid coupler, four detectors and two differential amplifiers. In order to simplify the
discussion, the input is assumed as 22 cos(Wt), where the phase angle 6 is

assumed to be zero. For the 90 degree coupler, a signal going through the direct path
will have 90 degree phase while going through the diagonal path, the delay line is
180 degrees. Thus the phase difference between two outputs is 90 degrees. For the
180 degree coupler, phase difference between the signals passing through the direct

path and the diagonal path is 180 degree.

V2 coslwi—wr)
/ A4 “ Ay Diffarential
. - Amglifier 1
90° [ 90" [— pier
2coz(wr) 2cos(wi —wr ) E
N
~ ~
r % p BB
I = =~
J2sim(wr —wr)
f [ o,
i = 2coslwr) -
i A
’ v F F
B
DuL:\i'\::r 2eoslwi) >< ><
ot an?
180" 90 ‘ N N [
] L g D |
J2 coslwr) Amplifier 2

Figure 2.4 An example of a frequency discriminator [11].
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The amplitude of the signal decreases by factor V2 whenever is passes through
either a power divider or a phase shifter. The signal flow can be traced as follows:
After the input signal is divided into two paths, delayed and undelayed signals are
obtained. After they pass through the 90 degree and 180 degree hybrid couplers four

terms which are x/EAcos(Wt—Wr), x/EAsin(Wt—Wr), V2Acos(wt) and

—\2 Acos(Wt) obtained as shown in Figure 2.4. The next two 90 degree couplers are

used to combine these signals.

A = Acos(wt —wz)— Asin(wt) (2.32)
B, = Asin(wt — w7 )— Acos(wt) (2.33)
C, = Asin(wt —wz )+ Asin(wt) (2.34)
D, = —Acos(Wt —wz )+ Acos(wt) (2.35)

where (2.32) is equivalent to (2.12), (2.33) is equivalent to (2.10), (2.34) is
equivalent to (2.14) and (2.35) is equivalent to (2.15). At outputs of the detectors, the

only terms of interest are the square law outputs. They can be written as

A, = A’ cos’ (Wt —w7)—2A” cos(wt —wr )sin(wt )+ A” sin®(wt) (2.36)
B, = A’sin’ (Wt —wz)— 2 A’ sin(wt — wz)cos(wt)+ A’ cos” (wt) (2.37)
C, = A’sin’(wt —wrz)—2 A sin(wt — wr)sin(wt)+ A’ sin*(wt) (2.38)

D, = A% cos® (Wt — w7 )—2A” cos(Wt — w7 )cos(wt)+ A” cos® (wt) (2.39)

The outputs at the detectors considering the filter action can be written as
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A, = A* — A’sin(wr) (2.40)

B, = A’ + A’sin(wr) (2.41)
C,=A>+ A’cos(wr) (2.42)
D, = A> — A’ cos(wr) (2.43)

At the outputs of the differential amplifiers 1 and 2

E=B,-A =2Asin(wr) (2.44)

F=C,-D,=2Acos(wr) (2.45)
If the outputs E and F are displayed on a x-y axis, then the angle &
0 =tan (EJ =tan"'(tan(wz))=wr (2.46)

In order to keep the frequency in the unambiguous region, & must be kept within

27 . For example, if the receiver covers frequency rage from f, to f, then

6, =241 (2.47)

0, =21 (2.48)

where the angle 6, corresponds to f, and 6, corresponds to f,.

When 6, =6, + 2kz where K is a constant,
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e [f k<1, there is no frequency ambiguity among the frequency range f, and

f2

e If k=1, the receiver will provide the maximum frequency resolution.

For example, if f, =2GHz and f, =4GHz then from (2.47) and (2.48) one obtains

0,-6,=2x=2x(f, - f,)r (2.49)

r=o 5 =05ns (2.50)

So the maximum delay time without ambiguity should be 0.5ns.

From the above discussion of IFM receivers, note that in the receiver design there is
no special filter to limit the RF bandwidth. The frequency resolution generated by the
receiver is not from any narrow bandwidth system such as in a superhet receiver. The
frequency information is generated by comparison of the phase relation of the
delayed and undelayed signals. Both parts are wide bandwidth; therefore, the

receiver is basically referred to as a “wide bandwidth” system.

2.4 Frequency Resolution

A receiver with one delay line of the maximum length without causing unambiguous
frequency reading can not generate desired frequency accuracy and resolution. The
common approach to improve the frequency resolution is to use multiple delay lines
[11]. An example such an arrangement is shown in Figure 2.5a. The input signal is
separated into four parallel paths. Following each of the four paths there is a
discriminator and each discriminator has a different length delay line. The shortest

delay line (7,) is short enough not to produce frequency ambiguity, where
7,>7,>7,>1, are used to generate desired frequency resolution. Here, in general,

7,, 7 and 7, are multiples of 7,. Figure 2.5b shows the result of the output wr
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versus frequency for different lines. In this special case, relation between the delay

lines 1s 7,=27,=47,=87,. It is obvious that wz, does not have any ambiguity

problem in the frequency band f, to f,. However, the slope of Wz, is rather flat and

it is difficult to measure Wz angle and predicate the frequency accurately. As can be
seen from the delay line relationship, for this example, by using multiple delay lines

frequency resolution is improved 8 times than using only one delay line.

i sin(wz,)
sin(wz, )

7, cos(wz,)
COos (W TZ)

73 sin(wr,)
cos(wr,)

7, sin(w7.)
cos(wr,)

(a) Four frequency measurement circuits
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(b) wr vs frequency for four delay lines.

Figure 2.5 IFM receiver with multiple delay lines.

So finer frequency resolution can be obtained through the longer delay line with

ambiguities resolved by sequential or parallel measurements on shorter delay lines.
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The longest delay line that can be used in an IFM receiver depends on the minimum
pulse handling capability. The delay line time must be shorter than the shortest pulse
receiver can handle, otherwise the delayed portion and the undelayed portion of the
signal can not overlap. Thus, the phase angle between them can not be measured.
The length of the delay line is also very critical to the frequency measurement

accuracy. This situation is explained in the following section.

In fact, the frequency resolution is not only determined by the longest delay line in
the system but also it changes according to digitization of the finest channel. So for

delay T and M quantization levels (i.e. 2" =M, N is the bit number) the resolution

will be

1
AF =—— Hz 2.51)
TM

Quantizing the last channel with large M enables higher resolution but it also causes
degradation in noise performance. Moreover, increase in T improves the resolution
and noise performance but this time hardware complexity increases and minimum

pulse width limitations get tighter.

2.5 Frequency Accuracy and SNR

Noise arising from the detectors is assumed negligible so an effective RF input signal

to noise ratio may be calculated as follows [3].

Sge = > (2.52)

where,

Sge 1s the signal to noise ratio in the RF stage
By is the RF noise bandwidth

F is the noise figure of the input amplifier

K is Boltzman constant
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T is the temperature

Video signal/noise ratios can be calculated using standard correlation theory [12] and

relate to the in-phase (S;) and quadrature noise (S, );

2
S, = >
21+ p)s+| 2L (2.53)
B, 2
2
s, = S
2i-p)s+| Be L (2.54)
B, 2
where S = *— and p is a measure of sin-cos correlation p = sin(w,)
KTB, F W, 7

Here B, is video signal bandwidth, w, is video signal angular frequency and 7 is

time delay.

RMS phase noise for a discriminator can be calculated from the following equation.

7 -]

rms,noise K (2.55)

Using equation (2.54) above, (2.56) is obtained.

B, I
. \/ 21-p)s +[B\/ _2J (2.56)

rms,noise
S

Here the parameter S can be written in terms of (2.52).
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P ﬁ
S = =S g 2.57)
B B 1
2(1_10)SRF R"’(R_j
0 _\/ B B 2 (2.58)
rms,noise B
SRF —
B,
_ U (B o0 s Bey Bafy_ B
erms,noise - SRF \/[ BRJ |:2(1 ,O)SRF BV + BV (1 ZBR j:| (259)

By

R

Here, B, <<Bj. So the term is nearly zero in the equation above. Under this

assumption phase noise equation will become:

erms,noise = L\/&{z(l _M]SRF + 1:| (260)

Sge | Bg W, 7
2 1
W, =W, ZTEZUBfine tier :; (261)

. W,
sm{ ———
o= Sil’l(WVT) (UBfine tier J

= 2.62
wr " (2.62)
UBfine tier
Sin LJBi
B ine tier
Hrms,noise =L ~ 2/1- el SRF +1 (263)
SRF BR w,
UBfine tier
If w, is a lot smaller than UBfine tier the expression simplifies to:
1 B
erms,noise =—.|= (2.64)
SRF BR
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And the rms frequency accuracy will be:

grms noise
Afrms = ) UBfine tier (265)
T

2.6 Number of Tiers, Inter Tier Ratio and Phase Margin

Given a limit to the accuracy with which the line phases can be determined, there is a
finite limit to the number of ambiguities that can be resolved. When ambiguity-
resolution processing fails, large errors corresponding to one or more long-line 27
cycles occur. In a good receiver design, the probability of this happening should be

minimal [3].

Consider two discriminators with delay-line lengths in the ratio 1:n where n will be
referred to as inter tier ratio. At a given input-signal frequency, the actual line phases,

assuming no system errors, are related by

®,'=nd, (2.66)

In general @' will contain an integer | (1 <n) multiple of 27 which can not be

known from a single measurement (hence the ambiguities) which gives the

remainder @ . So @ 'will be

@ '=d, +2 (2.67)

| :L[ncp1 -] (2.68)
2

If ambiguity is taken into account, then (2.68) will be;
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i[n(cp1 +d®,)— (D, +dD, )] (2.69)

| +dl =

In order to prevent ambiguity breakdown, | must not deviate more than i% from

its true value. If (2.68) is subtracted from (2.69), permitted discriminator phase error

can be found.

(i +d|)—(|):(i[n(®l +dD,)-(®, +dq>n)]j

(2.70)
(st~

di|= i[n(dq)l)—(d@nj S% Q.71

[n(d®,)-(do, )] <= 2.72)

Here, the worst case is to make phase errors which are in “opposite direction” at

consecutive delay lines. So the equation above will be;

[n(d®,)-(-d®, )]=[n(d®, )+ (dD, )] < = (2.73)

On the other hand, phase errors expected operationally are usually of same

magnitudes (d®, =d®, =dd). So phase tolerance can be found by the equation

given below.

p/a
nd®)+(dd)|<7 = Ab,,, =
[ ( ) ( )] max (1 + n) (274)
UBW,,., o )1
= coarse _ter (inter tier ratio) (2.75)
UBWfineftier
UBW, aree ier and UBW,,. ., are the unambiguous bandwidth of coarse tier and fine

tier respectively and N is the number of total tier in the system.
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CHAPTER 3

DIFFERENTIAL PHASE SHIFTER DESIGN

Differential phase shifters are among the key components in an instantaneous
frequency measuring (IFM) device. In differential phase shifters the signal is split
into two or more paths with equal amplitudes. The aim is to get constant phase
differences between the outputs of the paths over a wide frequency band. Common
phase discriminator structures use 4 different video outputs from their phase shifter
networks. These DC voltages are then used to find the input frequency by the help of
simple trigonometric equations as described in Chapter 2. However theoretically only
3 video outputs are enough to resolve the phase ambiguities and find the input
frequency by making a magnitude comparison between them. Therefore in this thesis
phase discriminator structures with 3 paths yielding 3 video outputs will be used.
One of the paths is used as reference while the other two paths are formed by phase
shifter branches which give +120 degrees and —120 degrees phase difference
compared to the reference line, as described in section 1.3.2.3 as the Three Phase

Discriminator.

In this chapter various differential phase shifter configurations will be studied to get
a structure which can work over the frequency band of 2-18 GHz and has minimal

realization difficulties.

Broad-band phase and amplitude balance can be achieved by using various
configurations of phase shifters [13] — [21]. Historically the first and the most
commonly used phase shifters are Schiffman phase shifters formed by a reference
line and a folded multi-section coupled line [13] — [14]. In this chapter several

different Schiffman phase shifter topologies are designed for wideband operation.
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Inspection of the results revealed the drawbacks and realization difficulties of
especially parallel coupled line sections. Then another approach is inspected which
uses 180 degree hybrids to avoid parallel coupled lines [26]. Finally, inspired from
this approach, a simpler design technique is developed which uses uncoupled stepped
transmission lines with OC and SC terminations yielding much simpler topologies.
Similar topologies are known to be used by Filtronic and Sage Laboratories (merged

with Filtronic since 1998). This technique is used in the design of the IFM.

3.1 Schiffman Phase Shifter

The basic Schiffman’s phase shifter, shown in Figure 3.1 consists of two separate
TEM transmission lines, one of which is a length of uncoupled line named as
reference line. The other is a C-section, consisting of a pair of parallel coupled
transmission lines shorted to each other at one end. The coupled section is a one-
quarter wavelength long at the center frequency. An octave wide 90-degree
differential phase shifter can be designed in this way [13]. In order to construct a
component for multioctave operation, Schiffman used plurality of such coupled line

sections interconnected in cascade as shown in Figure 3.2 [13] —[14].
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INPUT %

Figure 3.1 Shiffman’s single-section phase shifter.
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Figure 3.2 Schiffman’s four-section phase shifter.
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Right after Schiffman’s work, many papers have been devoted to the problems of
optimum synthesis of broadband differential phase shifters. However, recently only
one type of structure for the multi-section phase shifter has been considered
particularly. It is a cascade of coupled sections of equal lengths (one quarter
wavelength at the center of operating frequency) and different coupling coefficients.
The equality of the section lengths allows one to obtain an analytical solution of the
phase shifter synthesis problem. Shelton and Mosko [21] described an approximate
synthesis procedure based on a first order reflections theory; Zysman and Matsumoto
[23] have investigated some analytic properties of cascaded C-sections and Edward
G. Cristal presented an investigation of the analytic properties of cascaded
commensurate transmission line C-sections and he gave a general exact synthesis
procedure for realizing cascaded commensurate transmission line C-sections to

describe their phase characteristics.

Jones and Bolljahn [24] showed that the condition that a single C-section be matched

at all frequencies is

Z0 = VZOEZOO (3'1)

where Z, is the termination impedance, Z_ is the even-mode impedance of the

coupled lines and Z , is the odd-mode impedance of the coupled lines.

Equation (3.1) is also the condition for a pair of coupled lines to be a directional
coupler. Thus, the C-section may be regarded as a directional coupler with two
adjacent ports connected by a zero length line. This analogy carries over directly to
cascaded transmission line C-sections which may be considered as cascaded
transmission line directional couplers having adjacent ports of the last one connected

by a zero length line.
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3.2 Schiffman-Type Phase Shifter Alternatives

In this section, alternative phase shifter networks are presented. These structures can
be considered as variations of the basic Schiffman networks. These networks are
evaluated by their performance and manufacturability. The designs are carried out by
optimization on ADS simulator. Ideal transmission lines are used to reduce the
simulation/optimization time. The transmission line impedances are normalized with
respect to the port impedances. With the development of optimization methods it is
possible to design various types of phase shifter networks easily. Optimization

converges always for any starting set of step impedances.

3.2.1 Three Section Schiffman Phase Shifter

In this alternative, 3 section Schiffman phase shifter is considered in a stepped
impedance form [14]-[20]-[21]. Figure 18 shows the reference line and phase shifter
branches in ADS format. Reference line is a uniform line of unity impedance with
matched terminations. It has six sections, each with 90 degrees electrical length at 10
GHz. Phase shifter branch-1 and branch-2 are responsible for creating +120 and —120
degrees of phase difference with respect to reference line respectively. Phase

differences are defined as follows:

Phase(RL) — Phase(PSB 1) ~120°
(3.2)
Phase(PSB _2)— Phase(RL) ~ —120°

where;

RL: Reference Line

PSB_1: Phase Shifter Branch 1
PSB_2: Phase Shifter Branch 2.

Phase shifter branch 1 and phase shifter branch 2 have three sections. There are
uncoupled lines of unity impedance at their input and output. Then two folded

coupled line sections are appended as shown in the figure. The coupled line sections
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of phase shifter branch 1 have even mode impedances zel~1.46 and ze2=3.54
ohms (normalized). The odd mode impedances are zol=1/zel and z02=1/ze2.
Phase shifter branch 2 odd mode impedances are z0l ~0.59 and zol~1 with even
mode impedances being zel =1/zol and ze2=1/z02. The uncoupled lines are used

for adjusting the phase differences. Their lengths are 30 degrees for phase shifter
branch 1 and 150 degrees for phase shifter branch 2. All these parameters are
calculated by optimization on ADS. The resulting phase difference between phase
shifter 1 and reference line is shown in Figure 3.4. Phase difference is 120+ 6
degrees in 4.35 GHz — 15.5 GHz frequency bandwidth. In Figure 3.5, the phase
difference between reference line and phase shifter branch 2 is shown. It is
approximately -120+6 degrees in 6.25 GHz — 13.65 GHz frequency bandwidth
which is almost 4 GHz narrower than the other one. Besides the bandwidth
mismatch, it has too large ripples and realization of the coupled line section of phase

shifter branch 1 is difficult. Therefore this alternative is discarded.
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Figure 3.3 3 section Schiffman phase shifter.
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3.2.2 Four Section Schiffman Phase Shifter

In this alternative to get a better phase response in a wider frequency bandwidth, an
extra Schiffman section is inserted to each phase shifting branch given in the design
above. The reference line number of sections is increased to eight. The new version

of the circuit is optimized giving the impedances shown in Figure 3.6.
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Figure 3.6 4 section Schiffman phase shifter.

Figure 3.7 shows the phase difference between phase shifter branch 1 and reference
line. The phase difference is 120+3 degrees in a frequency bandwidth from 3.6 GHz
to 16.3 GHz. It is seen that phase ripple is decreased to +3 degrees in a wider
bandwidth than the previous circuit. In Figure 3.8, the phase difference between
reference line and phase shifter branch 2 is presented. The phase difference is

—120£5 degrees in a frequency bandwidth from 4.3 GHz to 16.5 GHz which is
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nearly 2 GHz narrower than branch-1. Thus, phase ripple is decreased to £5 degrees

over a wider bandwidth compared to the previous alternative.

240

220—

200—

180—

160—

140—

120—

100—

unwrap(phase(S34))-unwrap(phase(S21))

80—

60

1 V
Y
- /
/
m2/
| ml - v/,/
Y- \\»xf//ﬂ\\\ /'fH S~ —
y
\ \ \ \ \ \ \ \
2 4 6 8 10 12 14 16 18
freq, GHz

ml
freq=3.640GHz
unwrap(phase(S34))-unwrap(phase(S21))=116.993

m2
freq=16.36GHz
unwrap(phase(S34))-unwrap(phase(S21))=123.007

20
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The results presented in this alternative are not bad. However the phase ripple of

phase shifter branch 2 needs improvement and also the coupled line section with

ze3~5 and z03=1/ze3~0.20f phase shifter branch 1 is difficult to realize,

necessitating broad side coupling. Therefore this alternative is also discarded.

3.2.3 Five Section Schiffman Phase Shifter

Figure 24 shows five section Schiffman phase shifter networks obtained by

optlmlzatlon.
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Figure 3.9 5 section Schiffman phase shifter.
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As expected, the phase differences for both phase shifter branches are better than the
previous cases. Figure 3.10 shows the phase difference between the phase shifter
branch 1 and reference line. The approximate relative phase difference is 120+3
over the band from 3 GHz to 17 GHz. Phase ripple is the same as the previous case

with a 1.3 GHz wider bandwidth.
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Figure 3.10 Phase difference between phase shifter branch 1 and reference line.

In Figure 3.11, phase difference between reference line and phase shifter branch 2 is
shown. Relative phase difference is nearly —120+3 over the band from 3.6 GHz to

16.3 GHz, 1 GHz wider than phase shifter branch 2 of the four section case.
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Figure 3.11 Phase difference between reference line and phase shifter branch 2.

Overall results are better than all the previous cases. However fabrication problem

for phase shifter branch 1 with ze4 ~ 6.6 ohms and z04 =1/ze4 ~ 0.15 still exists.

3.2.4 Six Section Schiffman Phase Shifter

Figure 27 shows the results of optimization trials for six section phase shifter

network.
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Figure 3.12 6 section Schiffman phase shifter

The differential phase of branch 1 is 120+1 degrees in 2.64 GHz — 17.36 GHz band,
a better phase ripple over a wider band compared to the previous cases (Figure 28).
Differential phase of branch-2 is shown in Figure 29. It is —120+ 3 which is same as

the five section case. However this ripple is valid over a narrower bandwidth, from

4.39 GHz to 15.61 GHz.
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Because of the tight couplings in TL 17 (ze4~9.6,ze4=1/z204~0.1) in phase
shifter branch 1 fabrication problem still exists and for TL 14
(204~ 0.01, ze4 =1/z04) in phase shifter branch 2 it is impossible. Further, when the
phase responses are considered, this phase shifter structure has no significant
advantage over the five section case. Until this alternative, increasing the number of
sections made the phase responses better. But from this point, adding more sections
will not serve purpose. In short, this alternative seems to be the actual limit of the
number sections that can be used in phase shifter branches. For this reason different

types of phase shifters are considered, as described in the following sections.

3.2.5 Schiffman Class Il Phase Shifter

Figure 3.15 shows a topology which is named as Schiffman Class II phase shifter. A
five section phase shifter is studied to get insight. The most important advantage in

comparison of Schiffman’s original circuit is the reduced length of components [19].

QUTPUT

e

INPUT

Reference
Line

Figure 3.15 Five-section phase shifter of Class II.

Figure 3.16 shows the ADS design of a Class II phase shifter branches with reference
line. It includes three separate two ports with ideal transmission lines which are
reference line, phase shifter branch 1 and phase shifter branch 2. As can be seen in
Figure 3.16, the transmission lines near to the termination ports have different
electrical length. These lines are used to get the required £120 relative phase shift.
The other uncoupled/coupled lines are quarter-wave long at the center of operating

frequency (i.e. 10 GHz).
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Figure 3.16 Five-section phase shifter of Class II, ADS Design.
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In Figure 3.17, the phase difference between phase shifter 1 and reference line is

presented. Here, relative phase shift in branch 1 changes between 120+ 6 degrees in

a frequency bandwidth of nearly 4.4 GHz — 15 GHz. Figure 3.18 shows the phase

difference between the reference line and phase shifter branch 2. Compared to the

result given in Figure 3.17, the situation is much worse. The ripple in phase

difference is similar (i.e. approximately -120+6 degrees) however this phase

difference is valid for nearly 4.3 GHz — 10.1 GHz frequency bandwidth which is 4.8

GHz narrower than the previous one. The phase difference results obtained using

these approaches are not as good as desired. In addition to this, it is nearly impossible

to fabricate phase shifter branch 2 because of the tight coupling of TL13.
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3.2.6 Tandem Connected Schiffman Phase Shifter

Figure 3.19 shows the topology named as tandem connected phase shifter. It consists
of a reference line and a set of coupled line sections connected as shown in the
figure. The use of cascaded two ports was considered in [19] and [24]. According to
[24], using several coupled sections can be used to decrease the maximum coupling

coefficient between the lines as shown in Figure 3.20.
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Figure 3.19 Four element tandem connected phase shifter.
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Figure 3.20 Tandem connection of different two ports to reduce of maximum
coupling coefficient.
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In order to test this approach for maximum bandwidth and impedance levels, several
simulations accompanied by optimization are performed. One result is presented in
Figure 3.21. Actually, this structure is like a hybrid of Class II and tandem connected
coupled lines. Each phase shifting branch has both tandem and series connected
coupled lines and uncoupled lines. The differential phase of branch-1 is 120+ 6
degrees in 3.2 GHz — 16.65 GHz band (Figure 3.22). Differential phase of branch-2
is -120+ 6 degrees in a band of 3 GHz — 17 GHz which is slightly wider than the
other branch (Figure 3.23). Impedances of coupled lines are realizable. However the

ripple in the phase difference in both phase shifting arms need improvement.

The search for better phase shifter alternatives are continued in the succeeding

sections.
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Figure 3.21 Phase shifter networks in tandem connection.
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Figure 3.23 Phase difference between reference line and phase shifter branch 2.
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3.3 Reflective Phase Shifters

3.3.1 Phase Shifters Using 0°-180° Hybrids and Uncoupled OC and SC
Stepped Lines

The Schiffman type phase shifters described in the previous cases involve parallel
coupled lines which may cause realization problems. A simpler phase shifter

topology can be obtained using 0°-180° degree hybrid as follows.

Figure 3.24 describes the definitions and operation of a 0°-180° hybrid on a Rat Race
directional coupler type topology. When power is fed from port-1 it is split into two,
one half going to port-2 and the other half to port-4, with both signals having 90
degrees phase shift. Port-3 is isolated. Thus, this type of operation is named as in-
phase power division (Figure 3.24.a). If power is fed from port-3 then one half of the
power goes to port-4 with 90 degree phase shift while the other half goes to port-2
with 270 degree phase shift, with no signal at port-1. Thus the signals at ports 2 and 4
are 180 degrees out of phase (Figure 3.24.b). This device can be used to find sum and
difference of two signals if two signals are fed from the isolated ports as presented in

Figure 3.24.c and d.

Figure 3.25.a describes the operation of a two section Schiffman phase shifter. The
input signal is split into even and odd excitations. Under even mode excitation the
even mode half of the circuit becomes a stepped impedance line with an OC
termination. Impedances of the steps are the even mode impedances of the coupled
line sections. Under odd mode excitation the odd mode half becomes also a stepped
impedance line, but with a SC termination. Step impedances are the odd mode
impedances of the coupled line sections. Reflected signals from the even and odd
mode half circuits are combined to form the output signal with a phase shift set by

the even and odd mode impedances of the sections [26].
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Figure 3.24 Operation and use of 0°-180° hybrid.

The same phase shift can also be obtained by connecting the even and odd mode half
circuits to the isolated ports, for example port-2 and port4 of a 0°-180° hybrid as
described in Figure 3.25.b. The signal fed from port-1 is split in phase to port-2 and
port-4 of the hybrid. The signals reflected from the SC and OC terminations of the
stepped lines back to ports 2 and 4. The reflected signals have 180° phase difference
because of the SC and OC terminations. Therefore they cancel at port-1 and combine
at port-3. The signal at port-3 will have the same phase shift as the Schiffman phase
shifter because it is formed by the reflections from the same even and odd half
stepped impedance sections. This device is named as reflection mode phase shifter

with a 180 degree hybrid. This approach seems to avoid parallel coupled lines, but
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actually the design of a 180 degree directional coupler which can operate over 2-18
GHz band is as difficult as the Schiffman type coupled line phase shifters. Therefore
this approach is not studied in this thesis. However it helped to open a way for using
phases of reflected signals from OC and SC stepped uncoupled lines, as discussed

next.

(a) Even-Odd mode description of Schiffman phase shifter

M, Zy Z ZpyZ ),

01

IN

Vi=V.+,
Even-Mode Excitation Odd-Mode Excitation
Z}-.I Zm Zr-:: Zug Zf-.'l Zm Z.’:': Zu:

____________ 0C sym e e i S 8 e e __ SCsym

plane plane
Zp Zp; Zo Zss
— . — .| -
OC sym plane SC sym plane

(b) Multiple section phase shifter with 180 degree hybrid
coupler

Z(J 1 Zr )2 B
Figure 3.25 (a) Even-Odd mode decomposition of a Schiffman phase shifter. (b)
Multiple section phase shifter with 180 degree hybrid coupler and uncoupled stepped

transmission lines.
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3.3.2 Phase Shifters Using Reflections from Stepped SC and OC Line

Sections

The idea given by the phase shifter employing 180° hybrid can be extended to form
much simpler differential phase shifter topologies. This idea gives a hint that using
appropriate reflective phase shifting branches instead of coupled lines of any kind
(including 180 degree hybrid coupler) is sufficient to get desired differential phase
shift. Actually this approach was first used in [10], but without any details.
Therefore, in this section, a systematic and general approach will be described

leading to simple and easy to realize topologies.

3.3.2.1 Reflective Uniform Phase Shifters

In this section, uniform phase shifters in reflective form will be investigated. First
transmission and reflective type phase shifters will be compared as starting point.
After that reflective type phase shifters and some possible alternatives will be
presented. Here, the discussions are made under the assumption that mentioned
electrical lengths in the below figures/explanations/examples are smaller than or
equal to 90 degrees. Desired phase shifts can also be obtained by using transmission
lines which have electrical lengths greater than 90 degrees, but this assumption is
made so that the signs of phase shifts are consistent with each other. Figure 3.26
represents the starting point of the discussion. In this figure, the relationship between
transmission (Figure 3.26.a) and reflection (Figure 3.26.b) type phase shifting
networks which provide the same differential phase shifts is shown. Notice that, the
length of phase shifter branch 2 (® ) is shorter than the reference line. This design is
only valid if the desired phase shift is smaller than the length of reference line (&) at
the operating frequency, otherwise a longer transmission line must be used in phase
shifter branch 2. Comparison given in Figure 3.26 shows that for reflective phase
shifting branches, employing only the half length of each section with respect to the
corresponding ones in transmission type phase shifter is sufficient to get the same

phase shift. Of course this phase shift is only valid in a specific frequency.
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(a) Transmission type differential phase shifter

Reference Line

0 — /-9
Port 1 9 Port 2
Phase Shifter Branch 1
0 — | | |~ /=9-@
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0z D Z
Phase Shifter Branch 2
0 — m — /-9
"~ Port5 Port 6
® Z
O=0-D

Phase Difference 1= Phase (S21)— Phase(543) = ®
Phase Difference 2 = Phase(S21) — Phase(S65)=-®

(at only one frequency)

(b) Reflection type differential phase shifter
(branches are OC ended)

0 :
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2
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Port 2 | I | oc
bz 2 gz
6= 34 3
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«—— Port3 :| oc
-0 S 7
2
O=0-0

Phase Difference 1 = Phase(S11)— Phase(S522) = ®
Phase Difference 2 = Phase(S33) — Phase(S11) = —-®

(at only one frequency)

Figure 3.26 The concept for differential phase shifter design using reflected signals.
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Let’s discuss the situation given in Figure 3.26 with an example: The structure in

Figure 3.27 is a transmission type phase shifter. Notice that, the electrical lengths &,
® and O are equal to 90, 60 and 30 degrees at 10 GHz respectively.

Reference Line

]

+ Term — + Term
TLIN
Terml TL1 Term2
Num=1 7=1 Ohm Num=2
Z=1 Ohm E=90 Z=1 Ohm
- F=10 GHz -

Phase Shifter Branch 1

+ Term I I I I + Term
Term3 TLIN TLIN Term4
Num=3 TL3 TL4 Num=4
Z=1 Ohm Z=1 Ohm Z=1 Ohm Z=1 Ohm

= E=60 E=90 =

F=10 GHz F=10 GHz —

Phase Shifter Branch 2

1

| I
+4  Term TLIN +4  Term
Term5 TL8 Term6
Num=5 Z=1 Ohm Num=6
Z=1 Ohm E=30 Z=1 Ohm
— F=10 GHz —

Figure 3.27 Transmission type phase shifter structure.

The phase response of each branch is:

Phase(RL) @10GHz = —90°

Phase(PSB _1)@10GHz = —60° — 90° = —150° (3.3)

Phase(PSB  2) @10GHz = —-30°

where;

RL: Reference Line

PSB_1: Phase Shifter Branch 1
PSB_2: Phase Shifter Branch 2.
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According to (3.3) the differential phase responses will be

Phase(RL) — Phase(PSB 1) = 60° @10GHz
(3.4)
Phase(RL) — Phase(PSB _ 2) =-60° @ 10GHz

The results given in (3.4) are also simulated in ADS. Related responses are given in

Figure 3.28 and Figure 3.29.
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Figure 3.28 Phase difference between phase shifter branch 1 and reference line in
transmission type phase shifter.
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Reflective phase shifter version of the structure given in Figure 3.27 can be obtained
by using only the half lengths of the sections using OC’s at the end of each lines

(Figure 3.30). For this structure the phase response of each branch is:

Phase(RL) @10GHz = —45° — 45° = -90°
Phase(PSB _1)@10GHz = 2(~30° —45°) = —150°

(3.5)
Phase(PSB _2)@10GHz = 2(~15° )= -30°

According to (3.5) the differential phase responses will be the same given in (3.4)
which are:

Phase(RL) — Phase(PSB 1) = 60° @ 10GHz

(3.6)
Phase(RL) — Phase(PSB _ 2) = -60° @ 10GHz

Reference Line

Phase Shifter Branch 1

+ Term I {:_®
Term2 TLIN TLIN
Num=2 TL5 TL7
Z=1 Ohm Z=1 Ohm

Z=1 Ohm
E=30 E=45

F=10 GHz F=10 GHz

Phase Shifter Branch 2

Figure 3.30 OC ended reflection type phase shifter structure.

The results given in (3.6) are also shown in Figure 3.31 and Figure 3.33.
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in OC ended reflection type phase shifter.
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Actually the same phase shift can be obtained with various types of phase shifter in

reflective form. For example, the length of phase shifter branch 2 can be expanded as

shown in Figure 3.33.

Reference Line

"0
—

g i
=G 5 Z
0
Phase Shifter Branch 2
— Por13| | | ocC
-0+ @ 0
-Z 91Z

7

-

Phase Difference 2 = Phase (S33) — Phase (S11) = —-®

(at only one frequency)

Figure 3.33 First alternative of phase shifter branch 2 in the reflection type

phase shifter.

In order to obtain the differential phase shift —® the phase of the reflected signal
from phase shifter branch 2 must be equal to —6+®. Here, the reflected signal

phase at phase shifter branch 2 is

Phase(PSB _2)@10GHz = —2(§+ (oj =—0-20=-0+® (3.7)
According to (3.7) ¢ can be found as follows
—0-20=-0+D= 2¢p=0=2¢p=360°-O
(3.8)
Q= 180—%
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If this design alternative is preferred in the structure given in Figure 3.30 then the

length of the line in phase shifter branch 2 must be §+ @=45+150=195 degrees.

As a second alternative for phase shifter branch 2, the line can be SC ended instead

of OC by using an appropriate transmission line (Figure 3.34).

0

e

— pott [ oc
/=0 7

Reference Line

|

0

—

«— Port3 | [ |_|||SC
-0+ gz lpz

ot

Phase Shifter Branch 2

Phase Difference 2 = Phase (S33)— Phase (S11)=-®
(at only one frequency)
Figure 3.34 Second alternative of phase shifter branch 2 in the reflection type phase
shifter.

As mentioned above, the reflected signal from phase shifter branch 2 must be equal

to —6+ ®. Here, the reflected signal phase at phase shifter branch 2 is
Phase(PSB_2)@10GHz = —2@ + ‘P] ~180=-0-2¥ -180 (3.9)

According to (3.9) ¥ can be found as follows

67



-0-2¥Y-180=-60+D= 2¥Y-180=D
= 2¥Y-180+360=0 = -2¥Y +180=D

180—@22‘1’:‘1’:90—%

(3.10)

If second design alternative is preferred in the structure given in Figure 3.30 then the
length of the line in phase shifter branch 2 must be §+ 90 —% =105 degrees and the

line must be SC ended.

3.3.2.2 Simple Reflective Phase Shifters in Stepped Form

As explained above, reflective uniform phase shifters can provide the desired phase
shifts at only a single frequency. To obtain a constant differential phase difference
over a wider frequency band, these phase shifters must be designed in stepped form.
The lines can be OC or SC ended due to the designer’s choice. Here, step
impedances of the OC and SC ended lines have to be calculated by optimization by

placing constraints of phase difference, phase difference ripple and step impedances.

Consider the simple structure shown in Figure 3.35 which represents an example of a
uniform reflective phase shifter. Reference line is open circuited line with 1 ohms
impedance and 180 degrees electrical length at band center. The reflected signal has
a phase of —360 degrees. Another uniform OC line of 1 ohm impedance and 120
degree electrical length is used in the phase shifter. Its reflected signal has —240
degrees. So, the phase difference between reflections is 120 degrees at the center

frequency only (Figure 3.36).
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Figure 3.35 Simple reflective phase shifter structure.
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Figure 3.36 Differential phase response of one step reflective phase shifter.

In order to get the desired phase shift in a wider frequency bandwidth, a stepped-
impedance structure must be used. Figure 3.37 shows a two step version just to get
insight. It is clear that constant phase difference bandwidth widens as the number of

sections increase. This fact is used in the following designs by increasing the number

of steps.
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Figure 3.37 Two-step reflective phase shifter structure.
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Figure 3.38 Differential phase response of the two-step reflective phase shifter.
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3.3.2.3 Multi-Step Reflection Phase Shifters

Phase shifters with multiple steps can be designed by brute force optimization
approach by starting with arbitrary initial section impedances. This fact is observed
through many design trials. Additionally, it is possible to obtain same differential
phase shift with various kind of phase shifting branches and reference lines. Not only
these lines can be at any form (i.e. uniform, gradually increasing/decreasing
impedance stepped sections or random stepped impedance sections) but also they can
be terminated with OC or SC (Figure 3.39). Due to the variety of design alternatives,

a set of criteria should be determined by the designer.

3.3.2.3.1 Evaluating the Structural Alternatives

(a) Phase shifting branch in randomly stepped form

 —
-

(or OC)

(b) Phase shifting branch in gradually increasing
stepped impedance form

(c) Phase shifting branch in gradually decrasing
stepped impedance form

Y s s I N 5

(or OC)

Figure 3.39 Phase shifting branches in alternative forms.

In this thesis, the design rules of phase shifters are determined in order to simplify
the phase shifter structures for production process. These rules are listed below.
e Mostly OC ended lines are used to get rid of using additional components like

bonding wires and capacitors which are needed to short circuit the lines.
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e Uniform reference line is used and phase shifter branches are
designed/optimized/tuned according to this reference line.

e According to the choice made for reference line, the phase shifting branches
must be in stepped form. Actually this process is an entirely different subject.
At this point, the width difference between adjacent sections is very
important. In computer simulations this difference may not be a problem. But
in practical world, as the difference between adjacent sections increases the
response gets worse due to junction discontinuity losses. So before choosing
the form of phase shifting branches, the designer should make several
simulations to get an insight about which option is suitable. Experiments had
shown that generating negative (i.e. —® ) differential phase shifts seems to be
much easier with gradually decreasing step impedances while for positive
differential phases (+® ) increasing step impedances are much easier
compared to randomly stepped form. Two reasons can be given for this
situation:

0 For gradually increasing/decreasing impedance stepped lines, forming
positive/negative reflections coefficients are easier due to the
arrangement of sections.

0 According to the transmission line model (Figure 3.40) using random
impedance sections may lead to generate a low pass filter effect and
this may lead to create a true time delay. Of course this situation
depends on the design, but if it happens, obtaining a constant or low

ripple phase shift in a wide frequency band becomes harder.

TE

Figure 3.40 Transmission line equivalent model.

After various simulation efforts, with constraints on the number of sections (limited

to five or six to keep the longitudinal size small) and realizable widths of line pieces,
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gradually increasing/decreasing stepped impedance form is chosen for phase shifting
branches as follows:
e For phase shifter branch 1, positive reflection coefficient is needed to obtain
+ @ differential phase shift. So a branch in gradually increasing stepped
impedance form will be used.
e For phase shifter branch 2, negative reflection coefficient is needed to obtain
— @ differential phase shift. So a branch in gradually decreasing stepped

impedance form will be used.

3.3.2.3.2 Designing the Phase Shifter

As presented in section 3.2, in a Schiffman type phase shifter the coupling values
“gradually changes” as shown in Figure 3.25. When the phase shifters is decomposed
into even and odd mode branches, a “gradual increase or decrease” in even/odd mode
branch impedance values can be obtained. Thus, although it is possible to start the
optimization procedure with an arbitrary set of initial values, the results of Schiffman

type phase shifters are used to speed up the convergence.

3.3.2.3.2.1 Reference Line and Phase Shifter Branch 1

The 6-section Schiffman phase shifter discussed at the section 3.2.4 can form the
structural basis of phase shifting branches due to its good differential phase response.

In Figure 3.41, the reference line and phase shifter branch 1 of this structure is given.
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Figure 3.41 Phase shifting structure given in section 3.2.4.

Figure 3.42 shows the decomposed version of the phase shifter branch 1. As

expected, the phase difference between even and odd mode branches is 180 degrees

at all frequencies (Figure 3.43).
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Even Mode of Phase Shifter Branch 1
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Figure 3.42 Decomposed version of the phase shifter branch 1.

180.0005

180.0000 —

179.9995 —

179.9990 —

179.9985 —

179.9980 —

179.9975 —

179.9970 —

unwrap(phase(S33))-unwrap(phase(S44))

179.9965 —

179.9960

\ \ \ \ \ \ \ \
2 4 6 8 10 12 14 16 18 20

freq, GHz

Figure 3.43 The phase difference between the decomposed lines of phase shifter
branch 1.

The reference line is also transformed into a reflective form by using the half length
of the line and terminating it with open circuit. As can be seen in Figure 3.45, the

phase does not change between these two lines.
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Figure 3.44 Original and new versions of the reference line given in section 3.2.4.
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Figure 3.45 Phase difference between the original and new versions of the reference

lines.

Since the phase difference between decomposed even and odd mode branches is

180°, calculations can be done using only even mode stepped impedance branch

which has the same phase response with the original Schiffman phase shifter branch.
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Figure 3.46 shows the new version of the phase shifter discussed above. As expected,

the phase response of this structure is same with the one given in Figure 3.13.

i } i } } i |
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Terml TL1 TL2 TL3 TL4 REFERENCE LINE
Numel  Z=10hm Z=1 Ohm Z=1 Ohm Z=10hm
7-10hm E=90 E=90 E=90 E=90
L F=10 GHz F=10 GHz F=10 GHz F=10 GHz
{ I { I { I { I { I : |—o Phase Shifter Branch 1
Term TLIN TLIN TLIN TLIN TLIN TLIN
Term2 TL26 L25 TL27 TL28 TL29 TL30 VAR
Num=2 7=10hm Z=ze10hm  Z=ze20hm  Z=ze30hm  Z=ze4Ohm  Z=ze5Ohm VARL
Z=10hm  pepp E=90 E=90 E=90 E=90 E=90 2€1=1.09196
= F=10 GHz F=10 GHz F=10 GHz F=10 GHz F=10 GHz F=10 GHz ze2=1.36891
=3 ze3=2.24782
ze4=9.66705
ze5=1
€00=30

Figure 3.46 Decomposed version of 6 section phase shifter.
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Figure 3.47 Differential phase response of new structure.

Notice that, there is a “gradual” increase in impedance values until the last

transmission line in this new phase shifter structure. Here, the impedance ratio (i.e.

Ze%e 4) between the last two transmission lines is too small. This means that the

reflection coefficient (equation (3.11)) between TL30 and TL29 is nearly -1 for the

most parts of the frequency band. In other words, for TL29, TL30 acts like a short

circuit.
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- Chcot(Azes—zed
(—j)cot(Bl)ze5 + ze4

(3.11)

The phase change of the reflection coefficient given in (3.11) is presented in Figure

3.48. It is seen that phase of the reflection coefficient is nearly 180 degree over 2-18

GHz band.
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Figure 3.48 Phase of reflection coefficient between TL 29 and TL 30 in phase shifter

branch 1.

So if the last transmission line (TL 30) is omitted and TL 28 is short circuited the

differential phase response of the new structure (Figure 3.49) would not be affected

much as shown in Figure 3.50.
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L F=10 GHz F=10 GHz F=10 GHz F=10 GHz
{ } { } { } {1} 1+ Phase Shifter Branch 1
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Figure 3.49 Decomposed version of 6 section phase shifter branch 1, with TL30

omitted and structure is short circuited.
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Figure 3.50 Differential phase response of the short circuited phase shifter branch 1.

The phase response in Figure 3.50 shows a deformation especially at the edges of
defined frequency band due to the changes in the circuit. But this structure gives a
hint that a 5 section SC ended phase shifter branch will be sufficient to obtain +120
degree differential phase shift. Indeed after optimization, the final structure is
obtained as shown in Figure 3.51 with phase response given in Figure 3.52. The

differential phase is 120+ 1 degrees in 2 GHz — 18 GHz bandwidth.
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Termi 1 T2 L3 T4 REFERENCE LINE
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Figure 3.51 Decomposed, shortened and optimized version of the original phase

shifter branch 1.
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Figure 3.52 Differential phase response of final phase shifter structure for phase

shifter branch 1.

3.3.2.3.2.2 Phase Shifter Branch 2

For this branch gradually decreasing stepped impedance form with a SC termination

can be used to obtain —120 degree differential phase shift. Since the phase

difference between even and odd mode branches of a Schiffman phase shifter is 180

degrees at all frequencies, odd mode half of a Schiffman phase

shifter with 60

degrees differential phase can be used as a starting circuit for an optimization process

to get the required —120 degrees differential phase shifter with SC termination. The

mentioned Schiffman phase shifter odd mode branch with 60 degrees differential
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phase shift is given in Figure 3.53 with response shown in Figure 3.54. The odd
mode half of this circuit is shown in Figure 3.55. As expected, it has 180 degrees
differential phase shift with respect to the even half (Figure 3.56).

Phase Shifter Branch 2

M| |
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E=90 E=90 E=90 E=90 E=90 202=0.813136
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Figure 3.53 Phase shifter branch 2.
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Figure 3.54 Phase difference between reference line and phase shifter branch 2.
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Figure 3.55 Odd mode impedance branch of decomposed phase shifter branch 2.

Figure 3.56 Differential phase response of odd mode impedance branch.
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It is seen that impedance of the last transmission line (TL 35) is too high compared to

the adjacent line (TL 36), acting like an OC. Therefore it is deleted and the branch is

terminated in OC leading to negligible effect on the phase, as shown in Figure 3.57
and Figure 3.58.
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Figure 3.57 Decomposed version of 6 section phase shifter branch 2, TL36 is
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omitted and structure is open circuited.
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Figure 3.58 Differential phase response of the open circuited phase shifter branch 2.

After optimization process the structure shown in Figure 3.59 is obtained with the

differential phase response shown in Figure 3.60. The phase is 240+1 (i.e.
—120£1) degrees in 2 GHz — 18 GHz frequency bandwidth.
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Figure 3.59 Decomposed, shortened and optimized version of the original phase
shifter branch 2.
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Figure 3.60 Differential phase response of final phase shifter structure for phase

3.3.2.3.2.3 Final Structure

shifter branch 1

The final phase shifter network is given in Figure 3.61. Compared to the previous

approaches, this circuit has minimum phase ripples over widest frequency band with

no implementation difficulties. Therefore this circuit is used in the designed IFM

system.
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Figure 3.61 Final phase shifting network.
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CHAPTER 4

FREQUENCY DISCRIMINATOR DESIGN

The digital instantaneous frequency measurement (DIFM) receiver is the core
technique used in wideband EW systems for pulse and CW frequency measurement
[27]. As mentioned in Chapter 2, in principle, the input signal frequency of a
sinusoidal carrier is recovered by measuring the phase shift across a delay line of

known length using a wideband phase discriminator circuit.

Accurate broadband frequency operation is achieved by using multiple frequency
discriminators with different delay lines. The discriminator with longest delay line
(i.e. fine tier) defines the frequency accuracy, as determined by the phase
measurement performance of the basic phase discriminator, while the other
discriminators with shorter lines (coarse and medium tiers) are used progressively to
resolve longer line phase ambiguities. So a typical IFM receiver structure includes
multiple discriminators with different delay lengths. On the other hand, apart form
having different delay lengths, the configuration of these discriminators can also be

different.

As mentioned in Chapter 2, finding the input frequency depends on the output DC
detector voltages of each frequency discriminator structure. Obtained DC voltages
are digitized in order to resolve the ambiguities by using look-up tables usually
installed in a programmable-read-only-memory (PROM). These values can also be
used in simple mathematical/trigonometric equations as presented in section 2.3.
Apart form the digital world, the aim of this thesis is only designing the RF part of
the system. So, here, the main purpose is to provide the required DC voltage values

to the digital card in the system.
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In this chapter, RF components of the frequency discriminator are explained with
their ADS designs and various simulation results. Coarse and fine tiers of the
discriminator are also fabricated and their outputs are measured. These measurement

results are also given in related sections.

4.1 Frequency Resolution and Accuracy

For a receiver, an approximate 1 MHz frequency measurement resolution is quite
good. As explained in section 2.4, theoretically, frequency resolution depends on two

factors: length of the longest delay line and sampling bit number.

AF =L Hz 4.1)
TxM

where;
AF = Frequency Resolution
T = Delay

M = 2" =Quantization Levels (N is the number of bits)

And the relationship between a delay in time and a physical length of a line is

L=TX eters (4.2)
VF

where;

T = Delay

¢ = Speed of Light
VF = Velocity Factor

Here velocity factor represents the degradation amount of speed of light in the

medium and it is equal to square root of relative dielectric constant of the medium

(ie. \&r )
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According to [3] quantization bit number can be up to 12 bits (i.e. N). But let’s take

it as 8 bits. So the number of quantization levels will be M =2" =256. According

to M, to obtain 1 MHz frequency resolution the delay must be;

1

T= ~3.9ns (4.3)
AFXM

Maximum delay line length also affects the frequency measurement accuracy. As

given in section 2.5, the frequency accuracy can be defined as follows.

Sin LJBi
B ine tier
erms,noise = : —| 2| 1- e SRF +1 (44)
Sge 1| Bre W,
UBfine tier
where;
Orms.noise 1S the rms phase noise

Sgr 1s the signal to noise ratio in the RF stage
By is the RF noise bandwidth

F is the noise figure of the input amplifier
K is Boltzman constant
T is the temperature

W, is video signal angular frequency

UBine tier 1s the unambiguous bandwidth of the fine tier.

If w, is a lot smaller than UBfine tier the expression simplifies to:

Os norse = —— | = (4.5)

rms,noise
See | Bre

And the rms frequency accuracy will be:
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1) :
= UBfine tier (4.6)
VA

Af

rms

So frequency accuracy depends on the maximum delay line length, the input SNR,
video bandwidth. Here, video bandwidth is related to the minimum pulse width
handling capability of the system [41]. If it is too large then identifying the input
signals frequency becomes harder under interference of other signals. If it is too
narrow, then detecting the desired signal may be problematic. According to the
operational requirements the video bandwidth must be decided by the designer. The
presented frequency discriminator design in this thesis can provide 0.28 MHz (rms)
frequency measurement accuracy with 20 MHz video bandwidth if 0 dB input SNR

is assumed.

4.2 Number of Tiers

For the frequency discriminator in this thesis, number of tiers is decided by making
estimation after several simulation efforts. A practical 2-18 GHz coarse tier has an

unambiguous bandwidth nearly 14 GHz and making the time delay of the longest

line nearly 4ns seems to be reasonable. So the ratio between UBW,, .. . and
UBW;ne ier Will be
UBWcoarseftier =56 4.7
UBW - (1)

fine _tier
Using fixed inter tier ratio between the tiers, which is usually the case, phase margin

and tier ratio is given in Table-1 for different number of tiers. These values are

calculated according the equations given in section 0.
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Table 1 Number of tiers vs. phase margin relationship.

Number of tiers, n | Inter tier ratio, r | Phase margin, degrees
3 7.48 21.22
4 3.77 37.73
5 2.73 48.26
6 2.23 55.72

As can be seen from the table, phase margin changes rapidly when the system has 5
tiers instead of 4. But this change is smaller between a 5 tier and a 6 tier structure.
Thus, in order to build the simplest design, number of tiers is decided to be 5
including 1 coarse, 3 medium and 1 fine tier.

Figure 4.1 basically shows the block diagram of the system. It includes two kinds of
phase discriminator structures. Here, coarse and medium tiers rely on “Three Phase
Discriminator” model explained in section 1.3.2.3 and fine tier (encircled area) is
designed in a more conventional approach like the one given in section 2.3. Details

of these tiers will be given in related sub-sections.
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Figure 4.1 IFM discriminator, basic block diagram.

4.3 Choosing the Appropriate Physical Structure and Substrate

The choice of substrate used is also one of the most important tasks that must be
taken into consideration. The basic technologies available for realizing microwave
discriminators are microstrip, dielectric stripline and suspended stripline. Microstrip
on hard substrates is the most commonly used medium but suffers from the high
losses and dispersive second order effects compared with stripline. Suspended
substrate stripline has the lowest loss but dimensions become excessive especially at

lower frequencies.
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Figure 4.2 Cross-sections of common microwave circuit structures.

The substrate used in high frequency applications, i.e. f > 2GHz, should be selected
carefully. The attenuation of substrate plays one of the main roles in these
applications. The width of the substrate and tangent loss are the other factors that
affect the performance of the substrate. Most of the system components in the
frequency discriminator design are realized as microstrip circuits on alumina

substrate with permittivity &, =9.8 and dielectric height 15 mil. Alumina is preferred

to reduce the circuit sizes as much as possible. But in medium tier structures the
phase shifting networks can be realized on suspended stripline due to low dielectric

tolerance and loss. In medium tier simulations Rogers Duroid 5880 is used as

substrate.

4.4  Amplifier

In simulations, TriQuint TGA2513 is used as amplifier model. It provides a nominal

16 dBm of output power at 1 dB gain compression with a small signal gain of 17 dB

in 2-20 GHz frequency bandwidth.

ml m2
Pin=-1.200 indep(m2)=-1.200
linear=16.961 plot_vs(dBm(HB1.HB.Vout[1]), HB1.HB.Pin)=16.000
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outpwr[1]

-1.200

16.000

Figure 4.3 1 dB compression point of the amplifier.
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45 2-18 GHz Power Divider

As can be seen in Figure 4.1, power dividers are the most widely used component in
the system. When the cascaded form is considered, the specifications (i.e. matching,
isolation and ripple in insertion loss over frequency band) of each power divider
become critical in order to keep the consistency between each tier output. To fulfill

this need 5 section Wilkinson power divider is designed (Figure 4.4).

Here, it is also important to decide the locations of each amplifier. Actually, unlike
the design given in Figure 4.1, less number of amplifiers can be used by placing them
“before” each divider. But in this design, to increase the total isolation and matching
between each arm, the amplifiers are located after power divider in order to
compensate their low output power. This decision is especially important in fine tier
when high S11 of each filter in undetermined frequencies (i.e. above 6 GHz for LPF
and below 6 GHz for HPF) is considered.

Below, the s-parameters of the related divider are given. Alumina is used as substrate
in simulations. The approximate line lengths/widths of sections are 100/3.75 mil,
97/4.85 mil, 123/6.4 mil, 119/8.43 mil and 107.5/10.5 mil respectively. The values of
resistive elements (green rectangles in Figure 4.4) are 125 ohm, 288 ohm, 346 ohm,
290 ohm and 364 ohm from left to right. The length and width of the line at port 1
are 115.4 mil and 17.47 mil. The lines at port 2 and port 3 are same in length/width
and they are 109.2/12.6 mil.

530 mil

Port 2

— : ¥ ' i ; 130 mil

e

Figure 4.4 5 section Wilkinson power divider layout.
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Figure 4.5 Power divider S21, momentum simulation result.
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Figure 4.6 Power divider S11 and S23, momentum simulation result.
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4.6 Schottky Diode

In all the detector structures of each discriminator design in the system, Schottky
diodes are used because of the advantages listed below.

e Quick response, it is especially important at high frequencies
e Low noise

e Lower forward voltage drop

In ADS Designs, Aeroflex MSS39,148-B10B is used as diode model. This diode is
also used in the realized circuits. Figure 4.7 shows the equivalent of the diode. Here,
Diode DF models the forward bias curve, capacitance and transit time. Diode DR
models the reverse bias curve. Diode DI isolates diode DR from the circuit when the

equivalent model is forward biased.

[—F—] [——]

Diode_Model Diode_Model Diode_Model
MSS39_148_DF MSS39_ 148 DR MSS39_148 DI
1s=20 nA 1s=35.9 nA Rs=0.001
N=1.0 N=23.93 N=0.05

Tt_:3.0 psec Xti=4.0 Cjo=0.001 pF
Cjo=0.095 pF Eg=11.0

Vj=0.7 V

M=0.2

Eg=0.65

R
R5

R Diode R=30 Ohm
R6 DIODE5

R=300hm  \jodel=MSS39_148 DF

Diode Diode
DIODE4 DIODE6
Model=MSS39_148 DI  Model=MSS39_148 DR

Figure 4.7 Diode equivalent model in ADS.

Schottky diodes need to be matched and in the circuit they are biased to get
maximum sensitivity. Figure 4.8 shows the Schottky diode and a 150 ohm parallel
resistor. Diode impedance with respect to frequency is given in Figure 4.9. The
impedance of diode decreases with frequency because of its capacitance. Figure 4.10

shows the general circuit of a phase shifting tier. R25, R26 and R27 represent the
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phase shifting arms. The boxes are the subcircuits which represents the Schottky
diodes and parallel resistors (Figure 4.8). Also the three arms are isolated from each

other by using resistors in series. These resistors are also used to improve matching

(Figure 4.11).
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15220 nA 1s=35.9 nA Rs=0.001
N=1.0 N=23.93 N=0.05
Tt=3.0 psec Xti=4.0 Cj0=0.001 pF
Cjo=0.095pF  Eg=11.0
Vj=0.7 V
DIODE1 :\z/lgrf(fes
Model=MSS39_148_DF|
| I
MLIN MLIN
TLL m TLS
Subst="alumina" Diode Diode Subst="alumina"
W=0.16 mm DIODE2 DIODE3 W=0.16 mm
L=0.05 mm Model=MSS39_148_DI Model=MSS39_148 DR -=0-05mm
Port MLIN | e | ‘N | e | MLIN Port
P1 TL3 —J v —J TL6 P2
Num=1 Subst="alumina" MLIN TFR MLIN Subst="alumina" Num=2
W=0.21 mm TL7 Ra TL4 W=0.21 mm
1=0.23 mm Subst="alumina" Subst="alumina Subst="alumina" 1=0.23 mm
W=4 mil W=4 mil W=4 mil
L=0.05 mm L=12 mil 1=0.05 mm
Rs=50.0 Ohm
Freq=0 Hz

Figure 4.8 Diode model with 150 ohm printed resistor.
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Figure 4.9 Diode impedance vs. frequency.
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+] Src2 Subst="alumina" X12 R=75 cs
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Figure

4.10 Simulated circuit at harmonic balance.
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Figure 4.11 Circuit matching.
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4.7 Tier Designs

Finding the frequency region of input signal relies on the magnitude comparison
between the detector voltages. Every tier starting from the coarse one, provides a
reference point (i.e. a specific magnitude sorting) for the following tiers in order to

estimate the input signal frequency. The details are given in below sub-sections.

4.7.1 Coarse Tier

In this section, coarse tier of the frequency discriminator and its components are
presented. As the name implies, this tier is used to designate the input frequency in a
“coarse” region. So the goal while designing the coarse tier is to cover 2-18GHz
frequency band with the widest unambiguous bandwidth as possible. This tier is also
fabricated. Due to the “coarse” purpose of this tier, the extra losses arising from the
use of microstrip instead of a suspended substrate is accepted in order to reduce the
circuit size as possible. So the structure is manufactured on alumina substrate.
Actually, this is a trade off that the designer must deal with. A suspended substrate
structure may be used to reduce the losses, but this time the circuit will be much

bigger.

Theoretically, the unambiguous bandwidth in the determined frequency band must be
16 GHz like the one given in Figure 4.12. So when the magnitude comparison
approach between the detector outputs is considered, only six different (i.e.
P(3.,3) =3!=3-2-1=6) “unique” voltage sorting sets must be present in 2 — 18 GHz
frequency range. For the example given in Figure 4.12, mentioned voltage sorting
sets are:

Blue > Red > Green

Red > Blue > Green

Red > Green > Blue

Green > Red > Blue

Green > Blue > Red

AR o e

Blue > Green > Red

98



Unambiguous BW

Qutput

>
2 GHz 18 GHz Freguency

Figure 4.12 Theoretical output of the coarse tier.

Here, it is important to notice that, for the defined frequency band there is only one

cycle for each voltage outputs.

In the design efforts it is seen that obtaining a 16 GHz UBW (i.e. 6 unique voltage
sorting) is impossible other than that actual detector outputs are like the one given in
Figure 4.13 which may lead an ambiguity. As mentioned above, determining the
input frequency depends on the result obtained from the previous tiers. But this
situation is valid for medium and fine tiers, not for coarse tier. So especially in coarse
tier, a problem of this kind most probably can not be resolved. As can be seen from
the example output below, the ambiguous regions are at the edges of the frequency
band. According to this fact, a 10 GHz diplexer is used in the coarse tier structure in

order to know whether or not the frequency of input signal is below/over 10 GHz.

A 4Unambiguous BW=+-

Output

>

2 GHz 18 GHz Frequency

Figure 4.13 Example of actual output of coarse tier.

The general block diagram of coarse tier is shown in Figure 4.14. It operates as

follows:

1. Power Divider divides input signal into two halves.

2. One half goes into the 10 GHz diplexer
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a. Diplexer splits the incoming wave in the related frequency point.

b. According to input frequency V4 or V5 becomes higher than the other

one.

3. The other half goes into 3 branch reflection mode phase shifters.
a. Phases between consecutive branches become 120 degree apart.
b. Output DC voltages are read from related detectors

4. According to the amplitude relationship between the voltages V1, V2 and V3
and by the help of the diplexer output, a frequency band which includes the

input signal frequency is found.

, ) DET4 » V4

Power | 10 GHz
hi Divider | Diplexer

DETS b V5

b 4

h h F

DET1 DET2 f— DET3 (=
Ph;se F'h‘a'se Phase
Shifter 1 Shifter 2 Shifter 3
V1 V2 V3

Figure 4.14 General block diagram of coarse tier.

4.7.1.1 Power Divider

In order to use the input signal both in diplexer and phase shifting branches a power
divider is needed (Figure 4.14). For this purpose a 4 section Wilkinson power divider

is designed (Figure 4.15).
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343 mil

— .. b i : ! 100 mil
Figure 4.15 4 section Wilkinson power divider layout.

The approximate line lengths/widths of sections are 90.8/4.2 mil, 118.5/5.45 mil,
117.6/7 mil and 116.7/8.72 mil respectively. The values of resistive elements are 382
ohm, 326 ohm, 230 ohm and 147 ohm from left to right. The length and width of the
line at port 1 are both 10 mil. The lines at port 2 and port 3 are same in length/width

and they are 40/10 mil. The s-parameters of this divider are given below figures.

—~
—_=

A
o

dB(S(
dB(S(

2 4 6 8 10 12 14 16 18

freq, GHz

Figure 4.16 Power divider S21, momentum simulation result.
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Figure 4.17 Power divider return loss and isolation, momentum simulation result.

4.7.1.2 Diplexer

In diplexer design, a Low-Pass (up to 10 GHz) and a High-Pass (from 10 GHz) filter
are used. Here, the main goal is to get sufficient isolation and matching with a

minimum number of elements in filter structures (i.e. high pass and low pass).

In high pass section of the diplexer, the designed filter is elliptic. Elliptic filters
achieve the smallest order for the same specifications, or, the narrowest transition
width for the same filter order, as compared to other filter types. On the negative
side, they have the most nonlinear phase response over their pass-band which is not
important when the main purpose of using this diplexer in the coarse tier is
considered. The theory of work is described below. Figure 4.18 illustrates two
commonly used network structures for elliptic function low-pass prototype filters. In
Figure 4.18.a, the series branches of parallel-resonant circuits are used for realizing
the finite-frequency transmission zeros, since they block transmission by having
infinite series impedance (open-circuit) at resonance. For the dual realization form in
Figure 4.18.b, the shunt branches of series-resonant circuits are used for

implementing the finite-frequency transmission zeros, since they short out
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transmission at resonance. Either form may be used, because both give the same

response [28].

(n even) (n odd)

(a)

(n even) (n odd)
(b)
Figure 4.18 Low-pass prototype filters for elliptic function filters with (a) series

parallel-resonant branches, (b) its dual with shunt series-resonant branches.

According to the low-pass to high-pass circuit component transformation, inductive
and capacitive elements in the circuit transforms into capacitive and inductive

elements as shown in Figure 4.19.

Low-Pass High-Pass
Prototype Prototype

L
T =

1
=T

Figure 4.19 Low-pass to high-pass prototype conversion.

Trials showed a third order elliptic filter is enough to get the required specifications

and the basic structure of the filter is shown below.
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—H—}—tl—
1

Figure 4.20 10 GHz diplexer, high-pass section.

By the help of related Kuroda Identities, the circuit can be physically realized as

described below.

Unit elements are added between the source and the filter, also between the load and
the filter. These unit elements only changes the phase, they do not affect the
amplitude. This is necessary to manufacture the filter. The new circuit is in Figure

4.21.

|
11 1
Cy Cs
Unit L» Unit
Element Element
Zn Z
T

Figure 4.21 10 GHz diplexer, high-pass section with unit elements.

The encircled capacitances in Figure 4.22 (C; and Cs) are split into two pieces as

shown in Figure 4.23.

Ve ~ 7 ~
’ I I\ \ /“ 3 A\
/ /
| C \ [ Cs \
§ Unit | [ Unit l §

I Element | Element

Z | Z |
- ;T\ !
~N < h ~ o 7

Figure 4.22 10 GHz diplexer, high-pass section, capacitances will be split.
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v ’ \ -
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\‘\ // —l— \\ /
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Figure 4.23 10 GHz diplexer, high-pass section, capacitances are decomposed.

Then according to the Kuroda Identity given Figure 4.24, the encircled area is

transformed [1].

— H- H T

Unit Unit
Element Element
Z 7

Figure 4.24 Changing capacitance position according to the related Kuroda identity.

The encircled area in Figure 4.25 can be transformed into its coupler form equivalent

as given in Figure 4.26 [1].

1 . N1 Ng 1
| Unit Unit
Element Element l
\ Z4 Z; ,
ALY "
N /
\ /
N ~ ~

— —

Figure 4.25 The circuit after transformation.
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— H-

Cy Ca
Unit oc. | —
Element
= S | oc.

Figure 4.26 Kuroda transformation.

So the final circuit will be the one in Figure 4.27. In this figure, the line spacing,

width and length values

are also given.

I : | oc.
| oc. J- oc. | I |:>

Width = 2.3 mil

||'| ut Width = 1.33 mil Width = 1 mil . ! Out ut
P Spacing = 2.72 mil Length = 52.3 mil Spacing = 1 mil P
Length = 68.4 mil Length = 79.8 mil

Width = 2.7 mil
Length = 93.2 mil

0.G.

Figure 4.27 10 GHz diplexer, high-pass section.

The layout of the high-pass section is given in Figure 4.28. Here, 2 mil long extra

lines are used at the connection points (purple encircled areas) in order to benefit the

fringing at the open ends of the coupled lines. By this way, the coupling is increased

a little without narrowing the spacing between the lines. On the other hand, the shunt

resonator is bended in o

Input

0

rder fit in a smaller region (green encircled area).

Output
o)

Figure 4.28 High-pass section layout.
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In the low pass section of the diplexer, a typical 6th degree Low-Pass Filter is used in
low pass section of the diplexer. In Figure 4.29, the width and length values of the

lines are also given.

Width = 2.1 mil Width = 3.9 mil Width = 5 mil
Length = 68.3 mil Length = 90 mil Length = 78 mil

Width = 34.9 mil Width = 34.9 mil Width = 6.2 mil
Input Length = 38.7 mil Length = 38.7 mil Length = 47 mil Output
0.C. 0.C. 0.C.
Figure 4.29 10 GHz diplexer, low-pass section.
Input
Output

Figure 4.30 Low-pass section layout.

When the HP and LP section described above are joined together the required 10

GHz diplexer is obtained. The final circuit and related outputs are given below.
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169 mil

F 3
Port 1 Port 2
246.5 mil
v
ﬂ Port 3
Figure 4.31 Diplexer layout.

ml

freq=10.50GHz

dB(S(2,1))=-2.937

0 —ml

-45 \ \ \ \ \ \ \
2 4 6 8 10 12 14 16 18

freq, GHz

Figure 4.32 Diplexer s-parameters, momentum simulation.
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4.7.1.3 Phase Shifter Network

As the number of stepped-impedance section increases better differential phase
response can be obtained. Nevertheless, an increase in number of sections creates a
decrease in unambiguous bandwidth (section 2.3). The purpose in coarse tier is to get
the maximum possible unambiguous bandwidth. Therefore in this tier, 1 section
reference line and 2 section phase shifting branches are used. The structure with ideal
transmission lines is given in Figure 4.33. When realization process considered, it is
difficult to fabricate a transmission line narrower than 1 mil. This situation creates a
limit to the transmission line impedances. When alumina is used as a substrate a 1
mil wide transmission line nearly corresponds to 114 ohm. So, in simulations this
value is taken as an upper limit for impedance of the sections. Actually, the

mentioned limit only affects the last transmission line (i.e. TL4) in the phase shifter
branch 1.

. Fhase Shifter Branch 1
Feference Line

——L__F= [
3
+ Tem + Temn —

TLIM TLIN TLIN -
LE"“ 1 ] LA ITJE”“ 22 L3 L4
M= Um= _ _
7=75 Ohm h 7=75 Ohm F=114 Ohm
IS750hm £ g 7=75 Ohm g .
- F=10 GHz - F=10 GHz F=10 GHz

Fhase Shifter Branch 2
e B o

LT S
Erm TLIM TLIM
Tem 3 TLE L7
Mum=3 I=75 Ohm 7=2017 Ohm
I=75 0hm E=E0 E=30
-_+_ F=10 GHz F=10 GHz

Figure 4.33 Coarse tier with ideal transmission lines.

In Figure 4.34 and Figure 4.35, the differential phase responses for ideal case are

given. As can be seen, it is impossible to obtain 120 degree phase shift in defined
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frequency band. But when the needed unambiguous bandwidth is considered there is
no better choice. That is why an extra component, the 10 GHz diplexer, must be used

to prevent a possible ambiguity based on the narrow band differential phase shift.

160

140 \
1 oml

120 i A

100—| \

80 N\

unwrap(phase(S22))-unwrap(phase(S11))
L
/

60 B L L

m1l
freq=7.000GHz
unwrap(phase(S22))-unwrap(phase(S11))=121.064

m2
freq=12.90GHz
unwrap(phase(S22))-unwrap(phase(S11))=119.072

Figure 4.34 Phase difference between phase shifter branch 1 and reference line (with

ideal transmission lines).
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unwrap(phase(S11))-unwrap(phase(S33)

120 Yy — @@ ¥
i e
100 — /
80 ] \ \ \ \ \ \ \
2 4 6 8 10 12 14 16 18 20
freq, GHz
m3

freq=4.700GHz
unwrap(phase(S11))-unwrap(phase(S33))=118.870

m4
freq=15.30GHz
unwrap(phase(S11))-unwrap(phase(S33))=121.130

Figure 4.35 Phase difference between reference line and phase shifter branch 2 (with

ideal transmission lines).
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In Figure 4.36, lossy equivalent of the coarse tier presented above is given. The

differential phase responses for this network are given in Figure 4.37 and Figure

4.50, as expected the responses are a little deformed when compared to the ideal

case.

Feference Line

f?

Term
Term
Mum~1
Z=75 0hm

unwrap(phase(S22))-unwrap(phase(S11))

Figure 4.36 Coarse tier with lossy transmission lines.

Fhase Shifter Branch 1

- I I
= - . h
MLOC o4 Tam MLIN MUN =
T2 . Term TS LA
Subst=" alumin 3" Hum=2 Subst="alumin 2" Subst="alumin 3"
=5 202002 mil 7275 Ohm WSRO0 mil Wi=1.024500 mil
L=112.725923 mil - =225 5197 mil =122 595275 mil

Fhase Shifter Br

anch 2

[ ]

+ Tarm hLIMN hiLOC
Termz nre T
Num=3 Subst="alumina" Subst="alumina"
Z=75 Ohm Wi'=5 202052 mil W=E3. 199213 mil
- L=79. 1502354 mil =104 4234909 mil

40

\ \ \ \ \ \
4 6 8 10 12 14 16 18

freq, GHz

ml
freq=7.000GHz
unwrap(phase(S22))-unwrap(phase(S11))=120.787

m2
freq=12.90GHz
unwrap(phase(S22))-unwrap(phase(S11))=119.350

20

Figure 4.37 Phase difference between phase shifter branch 1 and reference line (with

lossy transmission lines).
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freq=4.700GHz
unwrap(phase(S11))-unwrap(phase(S33))=118.513

m4
freq=15.90GHz
unwrap(phase(S11))-unwrap(phase(S33))=125.595

Figure 4.38 Phase difference between reference line and phase shifter branch 2 (with

lossy transmission lines).

Before designing the lay-out of phase shifting branches, the line with the minimum
width is expanded to 1.5 mil instead of 1 mil. The decision of this change is made to
stay away from the manufacturing limit. Simulations/optimizations are repeated. The
new version of the network and new phase responses are shown in Figure 4.39,

Figure 4.40 and Figure 4.41 respectively.

Feference Line Phase Shifter Branch 1
1] — ]

+ Term WL | I

Term TT= +%  Tarm hALIM MLIN =

N_um=1 Subst="alumina" Termz LTS L4

£=75 Ohm w'=<.00004 mil Hum=2 Subst="alumina" Subst="alumina"
- L=115.562 mil Z=75 Ohm wr=4.00004 mil =15 mil

_ L=5600005 mil L=93 51 mil

Fhase Shifter Branch 2

Y - . :l
£1  Term MALIN MLOC
Term3 TLr2 L7
Num== Subst="alumina" Subst="alumina"

F=75 Ohm =< 00003 mil =40 22317 mil
L=72 7444 mil L=110.445 mil

Figure 4.39 Coarse tier phase shifting branches.

112



unwrap(phase(S22))-unwrap(phase(S11))

160

150 —

140 —

130 —

120 —

110 —

100 —

90 —

80

~_ ml
i ~¥
T m2
i A
B \\\
N
] \\
I I I I I I I [
2 4 6 8 10 12 14 16 18 20
freq, GHz

ml

freq=6.400GHz
unwrap(phase(S22))-unwrap(phase(S11))=125.156
optlter=1183

m2

freq=14.30GHz
unwrap(phase(S22))-unwrap(phase(S11))=115.190
optlter=1183

Figure 4.40 Phase difference between phase shifter branch 1 and reference line
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Figure 4.41 Phase difference between reference line and phase shifter branch 2 (new

version).
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In the new version of the phase shifting structure, this time a new problem is

encountered: The discontinuity between the sections in phase shifter branch 2. As

can be seen from Figure 4.39, the last section of phase shifter branch 2 is nearly 10

times wider than the previous section. This situation is not a problem in simulation

world. But in real life it may cause unexpected losses or a different phase response

even if a proper taper is used between these sections. So as a second design decision,

the second section of this phase shifting branch is limited to 15 mil and according to

this change the simulations are repeated.

MLIN

Reference Line

TL1
Term Subst="alumina"
Terml W=4 mil
Num=1 L=118.573 mil
Z=75 Ohm
< <IN ) —_ Phase Shifter Branch 1
Term MLIN MLIN c =
Term2 TL2 TL3 c1
Nl_szz Subst="alumina" Subst="alumina" C=39 pF
Z=750hm g mi W=L1.5 mil
= L=60.7784 mil L=95 mil
— — ;
— | I { | I+  Phase Shifter Branch 2
MLIN MTAPER MLIN
Term3 TL4 Taper2 TL5
N:Jm:3 Subst="alumina" Subst="alumina" Subst="alumina"
Z=750hm g il W1=4 mil W=15 mil
= L=74.7659 mil W2=15 mil L=102.235 mil
= L=10 mil

Figure 4.42 Re-optimized version phase shifter network.
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Figure 4.43 Phase difference between phase shifter branch 1 and reference line (re-
optimized version).
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Figure 4.44 Phase difference between reference line and phase shifter branch 2 (re-
optimized version).

As explained in at the beginning of this section, coarse tier has two main parts: 10
GHz diplexer and phase shifter. In Figure 4.45, schematic version of phase shifter
part is given. Here, the momentum components of phase shifting branches and
reference line are used. Orange spots shows the measurement points and green
encircled voltages are used to bias the diodes. The sizes between these arms are

consistent with each other. Input power is assumed to be 7dBm.
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In Figure 4.46, detector outputs are shown. As can be seen in this figure, 6 from 8
voltage sorting is different. This explains, again, why a diplexer is used in the coarse

tier structure. Mentioned voltage sorting is:

1. Blue > Pink > Red
Blue > Red > Pink
Red > Blue > Pink
Red > Pink > Blue
Pink > Red > Blue
Pink > Blue > Red
Blue > Pink > Red (same with the first one)

e A o

Blue > Red > Pink (same with the second one)

0.20 L L L L L L L B L L L L I L B L L I B I BN B
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

freq, GHz

Figure 4.46 Detector outputs.

117



-11.5

-12.0- /
125 / \
-13.0-] —

135
-14.0 7

-14.5—

dB(S(1,1))

-15.0—
-15.5— \

-16.0-] i
/!

-16.5—

17.0 N /

-17.5 T T T T T T T T
0 2 4 6 8 10 12 14 16 18

freq, GHz

Figure 4.47 S11 of phase shifter part of coarse tier.

4.7.1.4 Final Circuit

Final circuit is presented in Figure 4.48. Blue arrows indicate the bias points for the
diodes and orange points are the measurement points. The sizes of momentum
components are consistent with each other. The boxes represent the diodes.
Additionally, instead of one for each, double bonding wires are used to connect the
capacitors in order to reduce the inductance. The real coarse tier card sizes are
approximately 480 mil x 718 mil. The simulation results are presented below. Here,

like the above section, the input power is assumed to be 7dBm
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real(c[::,0])

freq, GHz

Figure 4.49 Detector outputs of the final circuit.

There are two problematic points in the DC outputs given in Figure 4.49. One of
these is the magnitude of voltages. As can be seen from the figure, not only the
voltages are small but also voltage change range is too narrow. This situation may be
problematic in sorting process. In order to solve this problem, op-amps in non-
inverting form can be placed at each output as given in Figure 4.50 [39]. Here, the

resistance values R, and R, are chosen as 100Q and 1KQ respectively. The new

output voltage response is given in Figure 4.51.

R R,
M\
, Vour
Viw
. R +R, .
Vorr = 1R : Vin

1

Figure 4.50 Non-inverting amplifier.
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0]

real(GP2[::,0])

;,0])

real(GP3[:
real(GP1][:

freq, GHz

Figure 4.51 Detector outputs with op-amps.

The other problematic point may be change in voltage range with frequency. As can
be seen in Figure 4.46, each output voltage cycle becomes narrower as frequency
increases. This situation occurs because of the junction capacitance of detector
diodes which decreases impedance of the diodes. This in turn leads to narrower
output voltage cycles at higher frequencies. However this has no significant effect on
the theoretical performance of IFM. This rate of change may be minimized by using

a different diode in the actual implementation of the IFM.
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Figure 4.52 S11 of the coarse tier.
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real(V_diplexer_2[::,0])
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Figure 4.53 Detector outputs at the diplexer.

4.7.1.5 Measurement Results

Figure 4.54 shows the fabricated coarse tier. Detector outputs of this structure are

given in Figure 4.55. The major difference between this result and the simulated one
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(Figure 4.56), is the extra phase shift in reference line and phase shifter branch 2.
This difference may come from the components’ non-ideal behaviors and additional
layout and measurement effects that are not included in simulations. Still, for the
output of the reference line seems to be sufficient. Nevertheless, the output of phase
shifter branch 2 could be better. As expected from simulations, there are two same
voltage sorting approximately between 3 — 5 GHz and 17 — 18 GHz. This ambiguity

can be easily overcome by using the diplexer (Figure 4.57).

Figure 4.54 Fabricated coarse tier.
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Figure 4.55 Detector outputs of fabricated coarse tier.
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Figure 4.56 Detector outputs of coarse tier in ADS (Momentum result).
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Figure 4.57 Diplexer outputs of fabricated coarse tier.
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4.7.2 Medium Tiers

As mentioned in the introduction section of this chapter, more than one phase
discriminator tier must be used in order to resolve the possible ambiguities and
increase the frequency measurement resolution. Medium and fine tiers are designed
to fulfill this purpose. The system has three medium tiers. Only difference between
these tiers is the delay line lengths that used before each phase shifting branches.
This means, starting from medium tier 1, unambiguous bandwidth of each tier is
smaller than the previous one. In other words, every tier is more ambiguous than the
previous one. So the number of same voltage sorting increases as the delay line
length increases. That is why the output of previous tier(s) is used as a reference
point. This reference point gives a hint about which frequency band must be
considered. According to that, the delay line lengths of medium and fine tiers are
adjusted so that “all three voltage hills” of one tier is fit into “one voltage hill” of the
previous tier output. The entire case described here can be explained by an example

as follows.

Assume that the input signal frequency is 4 GHz. According to this input frequency,
voltage sorting obtained from the coarse tier must be Blue>Red>Green (Figure 4.58).
As can be seen from the figure, to the end of the defined frequency band the voltage
sorting starts to repeat itself. But by the help diplexer the input, signal frequency can
be guessed whether it is below 10 GHz or not. So, according to diplexer output, the
input frequency is expected to be between 3 GHz - 5 GHz (Notice that the voltage
sorting between 3 GHz - 5 GHz is same).

UuBw

A

Qutput

d - — P
Muewm =)

% oD e 2 FI'EC[LIEHG‘_-."
TETE &

Figure 4.58 Coarse tier detector outputs as an example.
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As mentioned above, all three voltage hills of medium tier 1 must fit into one voltage
hill of coarse tier. Now consider Figure 4.59: Delay lines in medium tier 1 must be
adjusted so that all three voltage hills (purple, orange and brown curves shown
between dotted pale blue lines) of this tier are nested into the one hill (for this
example it is the red one) of coarse tier as shown in Figure 4.59. According to this
arrangement, the output of medium tier one with respect to frequency must be the
one given in Figure 4.60. The nested form of the outputs of coarse and medium tiers

is given in Figure 4.61.

Frequency

HO T
ZHD 81

Figure 4.59 Nesting the outputs of medium tier 1 into coarse tier.

A

Frequency

Qutput

IH53<

fHD 8l

T

Figure 4.60 Medium tier 1 detector outputs as an example.
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Figure 4.61 Coarse and medium tier outputs in nested form.

Here, according to the input frequency, the voltage sorting obtained from medium
tier 1 will be: Brown>Purple>Orange. As can be seen from the figure, this voltage
sorting is valid for 4 different frequency intervals. In order to find the right one the
output of coarse tier must be taken into consideration. By the help of the nested form
given in Figure 4.61, which Brown>Purple>Orange voltage sorting is the right one

for our purpose can be chosen easily.

Like the case presented here, other tiers must be designed and adjusted according to
each other’s response. By this way, the input signal frequency can be found within

the limits of resolution and accuracy.

The design and simulation results are given in below sub-sections for each medium
tier. As a design decision, in order to minimize the loss phase shifting branches and
delay lines are designed/simulated/optimized on suspended substrate (Rogers 5880).
Actually, using suspended substrate also give the opportunity to use/fabricate higher
impedance values compared to microstrip. Although the circuit size gets bigger, this
choice is also advantageous when the high impedance requirement of the last section
of phase shifter 1 is considered. Remember that, the limit of a transmission line
impedance is 114 ohm for microstrip (i.e. 1 mil in width), but this time this limit is
increased up to 270 ohm. The other parts of the circuit, such as junction point of

diodes, can be implemented on microstrip.
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Another important thing is the output magnitudes. The only critical thing is to fit the
outputs of each tier into the previous one as mush as possible. So, actually, the
magnitudes of each tier output can be different. But in order to make the figures
more understandable, resistive elements is adjusted to equalize all of the output

magnitudes of tiers.

4.7.2.1 Medium Tier 1

In differential phase shifter design process presented in section 3.3.2.3, it has already
seen that 5 section phase shifter branches are sufficient to obtain a good response.
According to the maximum impedance that can be manufactured (i.e. 270 ohm), the
simulations for 5 section phase shifting branches are repeated. Figure 4.62 shows the
new phase shifting branches with ideal transmission lines. The responses of this

structure are presented in following figures.

A A —-{___}* Reference Line

Term

TLIN TLIN TLIN TLIN
Terml TL1 TL13 TL14 TL15
Num=1 Z=750hm  z=750hm  7z=750hm  Z=75 Ohm
Z=750hm - E_qg E=90 E=90 E=90

F=10GHz  F=10GHz  F=10GHz  F=10GHz

Phase Shifter Branch 1
-+ 1 = +——

TLIN TLIN TLIN TLIN TLIN -
TL3 TL4 TL5 TL12 TL11

Z=75 Ohm 7=76.8854 Ohm  Z=83.4347 Ohm  Z=103.281 Ohm Z=220.83 Ohm
E=30 E=90 E=90 E=90 E=90

F=10 GHz F=10 GHz F=10 GHz F=10 GHz F=10 GHz

Phase Shifter Branch 2

I S S S E S A

TLIN TLIN TLIN TLIN TLIN

TL8 TL7 TL6 TL10 TL9

Z=75 Ohm Z=75 Ohm Z=75 Ohm 7=64.9489 Ohm Z=12.4903 Ohm
E=60 E=90 E=90 E=90 E=90

F=10 GHz F=10 GHz F=10 GHz F=10 GHz F=10 GHz

Figure 4.62 Medium tier phase shifting branches with ideal transmission lines.
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Figure 4.63 Phase difference between phase shifter branch 1 and reference line (with

ideal transmission lines).
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Figure 4.64 Phase difference between reference line and phase shifter branch 2 (with

ideal transmission lines).
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In Figure 4.65, lossy equivalent of the structure given above is presented. According

to these branches the responses given in Figure 4.66 and Figure 4.67 are obtained.

Reference Line

{ | | L I
Term SSLIN SSLIN SSLIN SSLIN
Terml TL16 TL17 TL18 TL19
NUMEL - gpst="SSSubl"  Subst="SSSubl"  Subst="SSSub1" Subst="SSSub1"
ZZT50MM -1 378760 mm  W=1.378760mm  W=1.378760 mm W=1.378760 mm Ssssub
= L=7.096910 mm  L=7.096910 mm L=7.096910 mm L=7.096910 mm
= SSSUB
Phase Shifter Branch 1 SsSubl
H=0.127 mm
— — — I 1 I 1 Er=2.2
— T — 1 ] "1 | p— Mur=1
Term SSLIN SSLIN SSLIN SSLIN SSLIN = Cond=1.0E+50
Term2 4 59 TL24 TL25 TL26 TL27 HU=0.9 mm
Num=2 Subst="SSSub1" Subst="SSSub1" Subst="SSSub1" Subst="SSSub1"  Subst="SSSubl" HI=0.773 mm
Z=750Mm \y—1 378760 mm W=1.323010mm  W=1.149710 mm W=0.763477 mm  W=0.071230 mm T=18 um
= L=2.365640 mm L=7.090850 mm L=7.069940 mm L=7.007640 mm  L=6.617150 mm TanD=0
Phase Shifter Branch 2
Term | M| : : : : | M E
Term3  SSLIN SSLIN SSLIN SSLIN SSLIN
Num=3  TL21 TL22 TL23 TL28 TL29
Z=75 Ohm Subst="SSSub1" Subst="SSSubl"  Subst="SSSubl" Subst="SSSubl"  Subst="SSSubl"
= W=1.378760 mm W=1.378760 mm  W=1.378760 mm W=1.733340mm  W=7.11753 mm
L L=4.731270 mm L=7.096910 mm  L=7.096910 mm L=7.129480 mm 1=7.35891 mm

Figure 4.65 Medium tier phase shifting branches with lossy elements.
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Figure 4.66 Phase difference between phase shifter branch 1 and reference line

(with lossy elements).
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Figure 4.67 Phase difference between reference line and phase shifter branch 2

(with lossy elements).

Although these results are quite sufficient, the discontinuity between the last sections
of phase shifter branch 2 may become problematic in real world. Unfortunately it is
impossible to decrease the width of the last section by using suspended substrate. But
if a microstrip was used for this section, then it would be much thinner than before.
So, in a sense, if the substrate at the last section is transformed into a microstrip, then
the problem will be eliminated. Starting from this idea, for only the last section, the
air spacing at the lower part of the suspended substrate is discarded. A new
optimization is applied according to this change. The new version of the structure is
given in Figure 4.68. Differential phase responses are given for this modified version

in Figure 4.69 and Figure 4.70.
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Figure 4.68 New version of the phase shifter structure.
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Figure 4.69 Phase difference between phase shifter branch 1 and reference line

(modified version).
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Figure 4.70 Phase difference between reference line and phase shifter branch 2

(modified version).

In order to make a realistic observation, the structure is simulated on 3D EM
simulator, HFSS. The simulated structures are given in Figure 4.71, Figure 4.72 and

Figure 4.73.

Figure 4.71 Reference line in HFSS.
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Figure 4.72 Phase shifter 1 in HFSS.

Figure 4.73 Phase Shifter 2 in HFSS from two different angles.

After the simulations in HFSS, S-parameter set of each branch is imported to ADS.

The differential phase responses are presented in Figure 4.74 and Figure 4.75.
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Figure 4.74 Phase difference between phase shifter branch 1 and reference line
(HFSS version).
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Figure 4.75 Phase difference between reference line and phase shifter branch 2
(HFSS version).
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By using the obtained s-parameters form HFSS schematic of medium tier is designed
as presented in Figure 4.76. In this figure, purple encircle areas are delay lines, green
encircled areas are the bias points of diodes and orange circles are the measurement

points

After several adjustment efforts, it has seen that using approximately 11.7 mm delay
line length is sufficient for nesting the voltage cycles this tier into the voltage cycles
of coarse tier (bold lines) as given in Figure 4.77. Here, delay lines can be
implemented on microstrip instead of suspended substrate in order to decrease the
length. If the designer chooses this alternative, an approximately 4.8 mm in length
and 0.11 mm in width delay lines are sufficient to get the same response. But
remember that, the first section of each phase shifting branch is 1.27 mm wide. So,
this time the designer must deal with the extra losses as well as the discontinuity
between phase shifting branches and delay lines. In this thesis, in order to decrease
the loss as much as possible, suspended stripline delays are chosen.
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Figure 4.76 Schematic version of medium tier 1.
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Figure 4.77 Output of medium tier 1 (schematic version) and coarse tier (actual

version) in nested form.

A more realistic circuit of medium tier 1 is given in Figure 4.78. In this figure, blue
arrows indicate the bias points of diodes, green encircled areas shows the momentum
versions delay lines (they are miniaturized to fit the figure in the page) and orange
circles are the measurement points. The detector outputs and S11 of this circuit is

given in Figure 4.79 and Figure 4.81 respectively.
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4.7.2.2 Medium Tier 2

As described above the only difference between medium tier 1 and medium 2 is the
delay line lengths. The simulation efforts for medium tier 2 showed that, using
approximately 75.5 mm delay lines are sufficient for fitting the cycles into each other

(Figure 4.81).
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Figure 4.81 Output of medium tier 2 and medium tier 1 in nested form.
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4.7.2.3 Medium Tier 3

Nesting the cycles into each other becomes harder due to the increase in delay line
length. After several simulations, using 285 mm delay lines seems to be good for

medium tier 3. The overall response and two zoomed sample figures from this

response are given below.
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Figure 4.83 Detector outputs of medium tier 3.
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Figure 4.84 Detector outputs of medium tier 3 (zoomed around 13 GHz).
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Figure 4.85 Output of medium tier 3 and medium tier 2 in nested form (zoomed

around 10 GHz).

4.7.3 Fine Tier

Fine tier is the last tier structure of the system. It has the narrowest unambiguous
bandwidth. In other words, fine tier has the longest delay line among all of the tiers.
According to that, frequency resolution depends on the delay line length of fine tier

(section 2.4, equation (2.51))

As presented in this chapter, three phase discriminator structures require separate
delay lines. When the purpose of fine tier is considered, these lines will be very long
compared to the other delay lines in medium tiers. But using these long lines/cables
will occupy too much space in the circuit. Additionally, nesting the voltage cycles
becomes harder as delay line length increases. Due to these two reasons, unlike other
tiers, a different approach is applied in the design process of fine tier. The general

block diagram of fine tier is given in Figure 4.86. Here, instead of using 2-18 GHz
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power dividers, the other option might be to use 6GHz diplexer at the expense of
reduced accuracy (due to lower SNR) around the crossover region (5.75-6.25GHz

region).

:j;:—i 6 GHz LPF }—I_
/S 2.6 GHz IIQ
Discriminator

2-18 GHz

Power —| 6 GHz HPF —
Divider ~

=— |

Input e
_;:—‘ 6 GHz LPF }—

6-18 GHz I/Q
Discriminator

—{ 6 GHz HPF |—,—

Delay Line

2-18 GHz
Power
Divider

Figure 4.86 General block diagram of fine tier.

Several phase discriminator structures are presented in [30] to [38]. The common
point of these structures is the use of 3 dB couplers like the one already examined in
section 2.3. However couplers are usable only up to around 1.5 octaves. So it is
impossible to cover 2 — 18 GHz frequency band with a single discriminator. Due to
this reason, two discriminators are designed which work in 2-6 GHz and 6-18 GHz
frequency bands. The structural form is same in both discriminators as given in
Figure 4.87. Each discriminator is designed by using three identical Lange couplers
and a 3-section standard Wilkinson splitter. These discriminators are also realized on

alumina. The measurement results are given in related sub-sections.

143



Output 1 Output 2

3dE Lange
Coupler

Bcos(wi—wr) B cos(wit )

7 Input

Acos(wr)

Acos(wr)

‘:‘l> Delay Line

Input

3dB Lange
Coupler

Acos(wr — wr)

A =
Y

Bsin(wt )

4
s

P SN
Beos{wi—wr)

3dEB Lange
Coupler

Output 4 Output 3

Output 1= cos(wr —wz )+ Csin(wr)
Output 2 =" sin(wz‘ —-w 1')+ C oos(wf)
Output 3 =C sin (wi — w7 )+ C sin (wt )
Output 4 =C' cos (wt —w z )— C cos (wr )

Figure 4.87 Basic block diagram representation of an I/Q discriminator.

According to the design given in Figure 4.87, the outputs of square law detectors will

be:
A =(Output 1)’ =C? cos’(wt —wz)+C?sin?(wt)
(4.8)
+2C? cos(Wt —w )sin(wt)
A, =(Output _2)* =C?sin?(wt —wz)+C? cos®(wt)
(4.9)
+2C? sin(wt — wz )cos(wt)
A, = (Output _3)* =C?sin*(wt —wz)+C? sin*(wt)
(4.10)

+2C”? sin(wt - Wr)sin(wt)
A, = (Output _4)* =C? cos®(wt —wr)+C? cos®(wt)
4.11)
—2C? cos(wt —wr)cos(wt)
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The outputs at the detectors considering the filter action can be written as

B, =C* +C’sin(wr) (4.12)
B, =C*>-C’sin(wr) (4.13)
B, =C?+C?cos(wr) (4.14)
B, =C?-C’cos(wr) (4.15)

From these outputs, & can be calculated and by using the other tiers’ output input

signal frequency can be found.

E =B, -B, =2C”sin(wr) (4.16)

F=B,-B, =2Acos(wr) (4.17)
4 E y

0 =tan (Ej =tan "' (tan(wz))=wr (4.18)

On the other hand the outputs of discriminators can still be used in voltage sorting to

improve the ambiguity solving process. Details will be discussed in related sub-

sections.

4.7.3.1 Filters

High pass and low pass filters are used to provide the required input signals to
discriminators. These filters are also fabricated on alumina. Designs,
simulation/measurement results of these filters are given in the following

subsections.
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4.7.3.1.1 6 GHz Low-Pass Filter

8th degree elliptic low pass filter is designed in symmetric form (Figure 4.88). In

order to occupy less space open stub at the middle of the filter is separated into two

halves (i.e. TL 10 and TL 9).

1 C 1 L |
MLOC MLOC
TL10 TL11
Subst="MSub1" Te Subst="MSub1"
W=19.1614 mil ¥LL9'N W=19.1614 mil
L=57.557 mil Subst="MSub1" L=57.557 mil
W=2.80552 mil

Term

L=30.1163 mil

Terml  MLIN MLIN Tee3 MLIN MLIN Term
Num=1 TL7 L1 L5 L8 Term2
Z=50 OhmSubst="MSub17e Subst="MSub1" Subst="MSub1" Teq2 Subst="MSub1" me‘zh
W=14.67 mil W=1.02683 mil W=1.02683 mil W=14.67 mil Z=50 Ohm
L=20 mil L=60.0411 mil L=60.0411 mil L=20 mil
MLOC MLOC
TL2 TL6
Subst="MSub1" Subst="MSub1"
W=44.9381 mil W=44.9381 mil
L=71.8293 mil L=71.8293 mil
Figure 4.88 Schematic version of low pass filter.
214.7 mil
F 9
132.2 mil

Port 1 Part 2

Figure 4.89 Momentum version of low pass filter.

This filter is also fabricated. The S11 and S21 parameters are given in Figure 4.90.
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Figure 4.90 Measured response of low pass filter.

4.7.3.1.2 6 GHz High-Pass Filter

Figure 4.91 shows the basic structural design of high pass filter in stub form. To get
rid of the red encircled area, the Kuroda transformation given in [40] can be used

(Figure 4.92).

y .-
] A~ ¢ A |
‘)

[

N
Unit Unit
Element Element
Za Zn

Figure 4.91 6 GHz high pass filter in stub form.

- - gy

] ) 3
K

Figure 4.92 Kuroda transformation.
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According to this transformation, the high pass filter is designed in ADS (Figure

4.93).

]

MLOC
TL10

Subst="MSub1" Te€

W=19.1614 mil
L=57.557 mil

Term

MLIN

TL9
Subst="MSub1"
W=2.80552 mil
L=30.1163 mil

L |

MLOC

TL11
Subst="MSub1"
W=19.1614 mil
L=57.557 mil

Term1 MLIN MLIN Tee3
Num=1 TL7 TL1
Z=50 Ohm Subst="MSub1'T® Subst="MSub1"
W=14.67 mil W=1.02683 mil
L=20 mil L=60.0411 mil
MLOC
TL2
Subst="MSub1"
W=44.9381 mil
L=71.8293 mil

Term

MLIN MLIN
TL5 TL8 Term_2
Subst="MSub1'Tee Subst="MSub1" Num=2
W=1.02683 mil W=14.67 mil 2=50 Ohm
L=60.0411 mil L=20 mil

MLOC

TL6

Subst="MSub1"

W=44.9381 mil

L=71.8293 mil

Figure 4.93 Schematic design of 6 GHz high pass filter.

256 mil

Port1

223 mil

Figure 4.94 Momentum lay out of 6 GHz high pass filter.

This filter is also fabricated. The S11 and S21 parameters are given in Figure 4.95.
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Figure 4.95 Measured response of low pass filter.

Figure 4.96. Fabricated 6 GHz high pass and low pass filters
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4.7.3.2 Delay Line

The maximum time delay of the system is 4ns as decided in section 4.1. This time

delay can be obtained by using various ways as follows.

If a structure with &; =2.2 (can be suspended substrate or cable) is chosen to

minimize the loss, then the length of the delay line will be

~3.9.107.3.10°

J22

L ~ 788 mm (4.19)

But if a structure with &; =9.8 (microstrip) is decided to use to reduce the total

circuit size, this time the length of the delay line will be

~3.9.107.3.10°

V9.8

L ~ 373 mm (4.20)

If designer chooses to use a structure other than a cable, in lay-out design step of
whole system, instead of reserving a specific area for this delay line, using the empty
regions between the other blocks of the system (such as tiers, dividers...etc.) is more
reasonable. By this way, relatively little space is used. Or as an alternative, delay line
can be designed in different geometric forms, such as spiral, in order to occupy less
space on the board. But, actually, using a semi rigid cable seems the most rational
choice. By bending the cable much more less space is used compared to a microstrip

or a stripline.

The purpose of these calculations above is to create a sense. Depending on the
system requirements the designer must decide the frequency resolution. For the
simulations given below an approximate 850 mm long delay line with &; =2.2 is
used. This delay is especially adjusted to 850 mm in order to help in ambiguity

resolving process.
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4.7.3.3 1/Q Discriminators

As mentioned above, structural form of both of the discriminators is same. Both
discriminators have 3 identical Lange couplers and a power splitter. The designs are

simulated with 850 mm coaxial cable. The details are given below.

4.7.3.3.1 2-6 GHz I/Q Discriminator

3 section Wilkinson type power divider is designed for this discriminator (Figure
4.97). The momentum simulation results of this discriminator are given in Figure

4.98, Figure 4.99 and Figure 4.100.

338 mil

272 mil

Figure 4.97 2-6 GHz power divider.

The line length of section 1 is approximately 278 mil, the other section line lengths
are same which are approximately 286 mil . The line width of each section is nearly
4 mil, 6.5 mil and 11 mil respectively. The values of resistive elements are 131 ohm,
196 ohm and 197 ohm from left to right. The length/width of the line at port 1 is
nearly 37 mil / 16 mil. The lines at port 2 and port 3 are same in length/width and
they are nearly 25 mil / 16 mil.
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Figure 4.98 S21 and S31 of 2-6GHz power divider.
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Figure 4.99 S11 of 2-6 GHz power divider.
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Figure 4.100 Isolation between output ports of 2-6 GHz power divider.

The other component of this discriminator is Lange coupler. A four finger Lange
coupler is designed for this purpose. Line widths and lengths are nearly 1.37 mil and
288 mil respectively. The spacing between lines is approximately 1 mil. The
momentum layout of this coupler and simulation solutions are given below. As can
be seen from Figure 4.101, the response is over-coupled. But it is actually the usual

case for wide-band operations.

0
2]
33 -
AN |
non
N
mm 6
T O i
-8—
10 YYYY‘YYYY‘YIIY{IYKK‘YKKK‘YKK{
1 2 3 4 5 6 7
freq, GHz

Figure 4.101 Through and coupled ports of 2-6 GHz Lange coupler.
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Figure 4.102 Phase difference between through and coupled ports.

After designing the required components, 2-6 GHz 1/Q discriminator is constructed
as shown in Figure 4.104. Here, green arrows show the delayed and undelayed input
signals. Red encircled areas show the bias points of each diode. The diodes (X16,
X17, X18, X19) are matched to the circuit by using parallel thin film resistors.
Orange spots with numbers show the measurement points. Voltage values obtained
from these points are used in calculations as defined in equation (4.18). Additionally

they can be also used in ambiguity solving process.

In Figure 4.107, the outputs of medium 3 and 2-6 GHz I/Q discriminator are given.
Figure 4.108 shows another nested form. Here, the differences between the outputs
(ie. V; -V, and V, —V,) and the outputs of medium tier 3 is given. This difference
can be made in digital card after sampling or by a difference amplifier like the one

given in Figure 4.103 [39].
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aur
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QuT Rl[ 2 l}

R //R, =R, /R,

Figure 4.103 Difference amplifier.

An important discussion must be made about Figure 4.107 and Figure 4.108. In
Figure 4.107, every voltage cycle intersection point of medium tier 3 there is a
voltage peaking of the fine tier. On the other hand, as can be seen in Figure 4.108,
the outputs of difference between detector pairs fit the voltage peaks of the medium
tier 3. The delay line is especially adjusted to obtain such outputs from each of the

fine tiers in order to ease the ambiguity resolving process.
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Figure 4.104 2-6 GHz 1/Q discriminator.
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Figure 4.107 Outputs of medium tier 3 and 2-6 GHz I/Q discriminator zoomed

around 5 GHz in nested form.
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4.7.3.3.2 6-18 GHz I/Q Discriminator

A 3 section Wilkinson type power divider is designed for this discriminator (Figure
4.109). The momentum simulation results of this discriminator are given in Figure

4.110, Figure 4.111 and Figure 4.112.

223 mil

— - - hES -
R g P It Port 2
/ B /. N
/ 2\ F X

|:) 88 mil

Port 1 \ 1T & B

Port 3

Figure 4.109 Layout of 6-18 GHz power divider.

The approximate line lengths/widths of sections are 100 mil / 3.2 mil, 95 mil / 6.2
mil, and 94 mil / 10.6 mil respectively. The values of resistive elements are 81 ohm,
158 ohm and 249 ohm from left to right. The length and width of the line at port 1
are 11 mil and 22 mil. The lines at port 2 and port 3 are same in length/width and

they are 26 mil and 14 mil respectively.

-3.00
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o ]
oy 7
(\/')/\U_')/ 3.10i
mMm .
T T i
3.15—
320 - T { T { T { T { T { T { T { T
4 6 8 10 12 14 16 18 20

freq, GHz
Figure 4.110 S21 and S310of 6-18 GHz power divider.
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Figure 4.111 S11 of 6-18 GHz power divider.
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Figure 4.112 Isolation between output ports of 6-18 GHz power divider.

Like the one given for 2-6 GHz 1/Q discriminator, four finger Lange coupler is
designed. Line widths and lengths are nearly 1.27 mil and 95 mil respectively. The
spacing between lines is approximately 1 mil. The momentum layout of this coupler
and simulation solutions are given below. As can be seen from Figure 4.113, like the

other coupler, the response is over-coupled.

160



2|
-3
oN
0y
mm 4
ke |

51

6 T { T { T { T { T { T { T { T

4 6 8 0 12 14 16 18 20

freq, GHz
Figure 4.113 S21 and S31 of 6-18 GHz Lange coupler.
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Figure 4.114 Phase difference between coupled and isolated ports.

In Figure 4.115, 6-18 GHz I/Q discriminator design is presented. Here, green arrows
show the delayed and undelayed input signals. Red encircled areas show the bias
points of each diode. The diodes (X16, X17, X18, X19) are matched to the circuit by
using parallel thin film resistors. Orange spots with numbers show the measurement
points. As mentioned for the previous discriminator the voltages measured from

these points are used in calculations as defined in equation (4.18).
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In Figure 4.117, nested form of the outputs of medium 3 and 2-6 GHz 1/Q
discriminator are given. Figure 4.118 shows the differences between the outputs (i.e.

V,; -V, and V, -V, ) and the outputs of medium tier 3.

The discussions made for ambiguity resolving process in 2-6 GHz I/Q discriminator

section is also valid for this one.
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Figure 4.115 6-18 GHz 1/Q discriminator.
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Figure 4.116 Output of 6-18 GHz I/Q Discriminator (zoomed around 12 GHz).
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Figure 4.118 Differences of output pairs in 6-18 1/Q discriminator in nested form

with medium tier 3.

] "\
1 \
\ /
!
\ 1
\[ 1/ |
) | |
/
: |
||
¥
|
I
|
|

Figure 4.119 Return loss of port 1 in 6-18 GHz 1/Q discriminator.

165



-22

24 |

26 |

28 |

-30 -

dB(S(2,2))

.32

-34

.36 —

-38 |

-40

09
S'9
0L
S,
08
S8
06
S'6
0°0T
S0T—
0TT—|
1T
02T —
ST
0°€T
SE€ET
0vT
SYT
0°ST—
S'ST—
09T —
S9T
02T
S.T
08T

Figure 4.120 Return loss of port 2 in 6-18 GHz I/Q discriminator.

4.7.3.4 Measurement Results

Both I/Q discriminators are fabricated on alumina. Figure 4.121 and Figure 4.122
show fabricated 2-6 GHz and 6-18 GHz I/Q discriminators respectively.

@ ¢ i

| ,t. 1 == =t

7

Figure 4.121 Fabricated 2-6 GHz I/Q Discriminator.
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Figure 4.122 Fabricated 2-6 GHz I/Q Discriminator.

For 6-18 GHz I/Q discriminator, detector outputs are measured. The overall result is
given in Figure 4.123. Here, a 6 inch coaxial cable is used as delay line and the input

power is 10 dBm.

6-18 GHz I/Q Discriminator Output

0,7000
A A4

" TRAL i

i AT
g *J il 5 g ; =

0,4000 4

0,3500
6,0000 7,0000 8,0000 9,0000 10,0000 11,0000 12,0000 13,0000 14,0000 15,0000 16,0000 17,0000 18,0000

Frequency (GHz)

Figure 4.123 Fabricated 6-18 GHz 1/Q discriminator detector outputs.

If a 6 inch cable is used as a delay line in ADS, the response given in Figure 4.124 is
obtained. As can be seen the zoomed version of the response of fabricated

discriminator (Figure 4.125), these two results are similar.
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Figure 4.124 Detector outputs of 6-18 GHz I/Q discriminator when a 6 inch cable is

used (zoomed around 12 GHz).
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Figure 4.125 Detector outputs of fabricated 6-18 GHz I/Q discriminator (zoomed
around 12 GHz).
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For 2-6 GHz I/Q discriminator additional circuit components (i.e. detector diodes,
inductive/capacitive elements, resistors) are not placed yet. Because of that, only s-
parameters could be measured for this component. Simulation results in ADS and
measured s-parameters are given in below figures. Figure 4.126 and Figure 4.128 are
the simulation results. It can be seen that these two results are so similar with their
corresponding measured ones which are give in Figure 4.127 and Figure 4.129
respectively. However for differential phase responses, simulated and measured
results do not exactly match to each other. But still the measured differential phase
responses look promising as can be seen from Figure 4.131 and Figure 4.133. This
phase difference may come from the additional layout and measurement effects that
are not included in simulations and/or imperfections of Lange couplers.
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Figure 4.126 Insertion losses with respect to the port 1 (ADS version).
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Figure 4.127 Insertion losses with respect to the port 1 (fabricated discriminator).
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Figure 4.128 Insertion losses with respect to the port 2 (ADS version).
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Figure 4.129 Insertion losses with respect to the port 2 (fabricated discriminator).

170



87.8 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\7\7
15 2.0 25 3.0 35 4.0 45 5.0 55 6.0 6.5

freq, GHz

unwrap(phase(S(7,1)))-unwrap(phase(S(6,1)))+360
unwrap(phase(S(2,1)))-unwrap(phase(S(3,1)))+360
T

Figure 4.130 Differential phase response between output arms when the input is

given from port 1 (ADS version).
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given from port 1 (fabricated discriminator).
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Figure 4.132 Differential phase response between output arms when the input is

given from port 2 (ADS version).
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given from port 2 (fabricated discriminator).
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4.8 Final Structure

Figure 4.134 shows the ADS version of final frequency discriminator. In a sense, this
figure represents a summary of the designed/fabricated parts of the frequency
discriminator. Outputs of this design are given in the figures below. Here, mesarued
s-parameters of the components are used for fabricated parts. Other parts are the
momentum components already presented previous sections. Attenuators are used to
adjust the input power for every block and to hold the return loss below -15 dBm.
The delay line length used in fine tier is 850 mm. The input signal power is 6 dBm.
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Figure 4.135 Coarse tier and medium tier 1 outputs in nested form.
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Figure 4.136 Diplexer output of coarse tier.
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Figure 4.137 Medium tier 1 and medium tier 2 outputs in nested form (zoomed
around 10 GHz).
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Figure 4.138 Medium tier 2 and medium tier 3 outputs in nested form (zoomed
around 12 GHz).

176



1.30

1.28—

o Mlt A\"

real(V2_2_6_disc[::,0])
real(V1_2_6_discl::,0])

real(Medium3_1[::,0])+0.93
real(V3_2_6_disc[::,0])

real(Medium3_3J[::,0])+0.93
real(Medium3_2[::,0])+0.93

1.14—

1.12—

1.10—— ‘ \ ‘ \\ [ \ ‘ \ ‘ \ ‘ \ J ‘ \ ‘ \ ‘ \ [ \ ‘ \ ‘ \ ‘ \
4.3 5.7
freq GHz

Figure 4.139 Medium tier 3 and 2-6 GHz I/Q discriminator outputs in nested form

(zoomed around 5 GHz).
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CHAPTER 5

SUMMARY AND DISCUSSIONS

This chapter summarizes the achievements in this thesis by mentioning the important

steps of the design and fabrication.

5.1 Deciding the Phase Shifter Network

Phase shifting process in phase discriminators is the key concept for frequency
discriminator structures. Therefore much of the work is devoted to the design and
realization of these phase shifters. Typical phase discriminators use 90 degree hybrid
couplers in different arrangements to create phase shift for the incoming signal and
generally they generate four video outputs which have different phases. However,
only three video outputs are sufficient to convey unambiguous 360 degree phase
information. In order to do that, phase shifting structures which provide +120
degree differential phase shifts must be designed. The research and design efforts

about phase shifting techniques are explained as follows.

First, classic Schiffman phase shifter structures are evaluated. In these structures
coupled lines are placed sequentially and each coupled line refers to a “section”.
Designs and simulations are made for various phase shifting networks with different
number of sections. In all these designs extra transmission lines are used to tune the
differential phase shift to 120 degrees or -120 degrees. When the simulation results
are examined, it is observed that increasing the number of sections improves the
phase shift performance. The number of sections is increased up to 6 for the case

presented in this thesis. Using more than 6 sections does not improve the
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performance. On the other hand, no matter how many sections are used, at least one
tightly coupled transmission line must be present in phase shifting arms in order to
obtain desired differential phase shift. This situation conflicts the “designing a highly
reproducible structure” goal. So this phase shifting alternative is discarded and new

techniques are investigated.

As an alternative to the phase shifting technique discussed above, Schiffman “Class
II” phase shifters are evaluated. The difference between these shifters and classical
Schiffman type phase shifters is the use of un-coupled lines between the couplers. By
this way, the desired phase shift can be obtained easily. However, in this design, as
the previous one, tight coupled lines must be used in order to achieve +120 degree

phase shift. Due to this reason, this alternative is also discarded.

As a third alternative, tandem coupled phase shifter technique is investigated. In this
design like the previous ones, both un-coupled and coupled transmission lines are
used. In this phase shifting technique, the same differential phase shift can be
obtained by using different tandem arrangements. The presented arrangement in this
thesis satisfies sufficient differential phase responses, which are not as good as the 6
section classic Schiffman type. Also, for this arrangement still one tight coupled line
is required. So this alternative is also discarded. But it should be noted that, this

technique can be suitable in narrow band applications.

The previously stated three designs include parallel coupled lines, which are difficult
to fabricate for wide band operations. Due to this reason, an entirely different phase
shifting technique is searched and it is observed that stepped impedance reflective
phase shifter structures are suitable for the purpose. The only fabrication limitation
for these structures is the width of the narrowest transmission line, which in fact is

not a major obstacle.

The origin of the stepped impedance reflective phase shifter technique is
decomposing the even and odd branches of a classic Schiffman type phase shifter.
Like the case presented in classic Sciffman phase shifting techniques, increasing the

number of sections improves the phase shift performance. This design is very
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flexible, which gives same differential phase shift by various ways such as
terminating the phase shifting branches with a SC or an OC while using increasing or
decreasing impedance steps, or using random impedance steps. As a design decision,
in order to decrease the discontinuity between sections increasing/decreasing
impedance step forms are used. Moreover, to simplify the fabrication processes,
mostly open ended phase shifting branches are used. The presented reflective phase
shifting network in this thesis not only provides one of the best differential phase
response among the other alternatives but also provides simple fabrication. Due to

these reasons, this alternative is selected to be used in frequency discriminator tiers.

5.2 Deciding the Parameters

There are three important performance parameters for the design presented in this
thesis: Frequency measurement resolution, frequency measurement accuracy and
phase margin. The discussions about these parameters are given as follows:

e Frequency measurement resolution changes related to the maximum length of
the delay line and sampling bit of the A/D converter. If the sampling bit
number is assumed to be 8 bit which indicates a moderate A/D converter is
used in the system, in order to obtain approximately 1 MHz frequency
measurement resolution, the maximum delay line length should be
approximately 78cm long. From this result, the other parameters can be
evaluated.

e Frequency accuracy depends on the maximum delay line length, the input
SNR, video bandwidth. Video bandwidth is related to the minimum pulse
width handling capability of the system. If it is too large then identifying the
input signals frequency becomes harder under interference. If it is too narrow,
then detecting the desired signal may be problematic. So according to the
operational requirements the video bandwidth must be decided by the
designer. The presented frequency discriminator design can provide 0.28
MHz (rms) frequency measurement accuracy with 20 MHz video bandwidth

if 0 dB input SNR is assumed.
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e Phase margin depends on the number of tiers and the ratio between coarse
and fine tier unambiguous bandwidths. So it also affects the choice of the
number of tiers to be used. For the presented design, approximate phase
margin values are calculated with respect to the number of tiers. Table 1
shows the results of this calculation. From this table, considering the phase
margin change rate, the number of tiers is decided to be 5. By deciding the

number of tiers, the phase margin is found to be approximately 48.26 degrees.

5.3 Designing the Frequency Discriminator Structure

IFM receivers typically contain a series of discriminator tiers operating in parallel to
give the required resolution unambiguously over the operating band. Each tier
resolves the ambiguity of the adjacent tier and at the end of this process the input
frequency is found. Basically, resolving the ambiguities and specifying the input
frequency processes depends on nesting the outputs of adjacent phase discriminators
into each other. According to decided number of tiers, 3 medium, 1 coarse and 1 fine
tier are designed. Selected stepped impedance reflective phase shifting technique is
used in coarse and medium tiers. Coarse tier has less section than medium tiers in
order to obtain the widest unambiguous bandwidth as much as possible. Medium
tiers have the same phase shifting network. The only difference between medium
tiers is the length of the delay lines. Nesting the outputs of adjacent tiers into each
other becomes problematic as tier numbers increases. Due to that reason, fine tier is

designed in a more typical way by using Lange couplers.

Designing the entire layout considering the fabrication process is an entirely different
and crucial subject. At this point, the designer should decide the fabrication
capability limits, type of substrates for each tier and additional components such as
diode and amplifier. On the other hand, the designer should also think the circuit
sizes. In this thesis, in order to reduce the size coarse and fine tiers are designed and
fabricated on microstrip. But medium tiers are designed on suspended substrate to
reduce the loss slope. This choice is especially made to reduce the loss of delay lines

used in medium tiers as much as possible.
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Encountered problems and corresponding solutions to these problems while

designing the final structure are listed below:

0 Coarse Tier

Coarse tier must not create any ambiguity, while it is nearly
impossible for even in schematic simulations. It is observed that
coarse tier response ambiguous regions are near to the edges of the
frequency band. So, in order to overcome this problem, a 10 GHz
diplexer is added to coarse tier to obtain a hint about whether the input
signal’s frequency is below 10 GHz or not.

According to the first optimization results in ADS, the discontinuity
between phase shifter section widths was too much. But, despite the
satisfying results in simulations, this situation may be problematic in
practical world. On the other hand, the widths of the lines should be
consistent with manufacturer’s fabrication limit. It is especially
important for short circuited phase shifting branches. The simulations
are repeated until to reach an optimum solution for differential phase
response within the limits of manufacturing capabilities and without

creating a major discontinuity between section widths.

0 Medium Tiers

Similar discontinuity problem in coarse tier design is also encountered
in one of the phase shifting branches in medium tiers. This problem is
overcomed by discarding the air spacing at the lower part of the
suspended substrate beneath the last section of the phase shifter
branch. In other words, a microstrip behavior is created for that

section which reduces the width of the last section.

0 Fine Tier

Lange couplers are used to obtain phase shifts. However these
couplers are usable only up to around 1.5 octaves. So it is impossible
to cover 2 — 18 GHz frequency band with a single discriminator.
According to this reason, two individual I/Q discriminator structures
which operate in 2 — 6 GHz and 6 — 18 GHz frequency bands are

designed for fine tier. Here, in design process, Lange coupler line
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widths and spacing between lines are adjusted according to the

manufacturer limit.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

In this thesis, RF sections of a multi tier instantaneous frequency measurement (IFM)
receiver which can operate in 2 — 18 GHz frequency band is designed, simulated and
partially realized. The designed structure has 5 phase discriminator structures which
can measure the input signal’s frequency at different resolutions. These discriminator

tiers are separated as one coarse tier, three medium tiers and one fine tier.

Phase shifting process in phase discriminators is the key concept for frequency
discriminator structures. A novel reflective phase shifter design approach is
developed which enables the design of very wideband phase shifters using stepped
cascaded transmission lines. Compared to the classical phase shifters using coupled
transmission lines, the new approach came out to be much easier to design and
fabricate with much better responses. This phase shifting technique is used in coarse
and medium tiers. In fine frequency measurement tier, instead of using the developed
reflective phase shifting technique, I/Q discriminator approach is used. Otherwise
reflective phase shifters would necessitate unacceptably long delay lines. Two I/Q
discriminators are designed and fabricated using Lange directional couplers that
operate in 2-6 GHz and 6-18 GHz, resulting in satisfactory response. Additionally, 6
GHz HP and 6 GHz LP distributed filters are designed and fabricated to be used for

these I/Q discriminators in fine tier.

Additionally, in order to eliminate possible ambiguities in coarse tier, a distributed
element LP-HP diplexer with 10 GHz cross-over frequency is designed and
fabricated successfully to be used for splitting the frequency spectrum into 2-10 GHz

and 10-18 GHz to ease the design and realization problems. Three power dividers
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operating in the ranges 2-18 GHz, 2-6 GHz and 6-18 GHz are designed for splitting
incoming signals into different branches. All of these dividers are also fabricated
with satisfactory response. The fabricated components are all compact and highly

reproducible.

The designed IFM can tolerate 48 degrees phase margin for resolving ambiguity in
the tiers while special precautions are taken in fine tier to help ambiguity resolving
process also. It provides a frequency resolution below 1 MHz in case of using an 8-
bit sampler with a frequency accuracy of 0.28 MHz rms for 0 dB input SNR and 20
MHz video bandwidth. By using more bits in sampling process, frequency
measurement resolution can be easily improved or the length of the longest delay line
can be reduced which may also reduce the volume of the system. The presented
system is capable of offering a good performance for many applications even in
extreme conditions. On the other hand, it is simple, compact, highly reproducible and

suitable for [IFM’s used in airborne applications.
As a future work, lay-out of the whole system can be designed and the remaining

circuit components can be fabricated and measured. According to the outputs of RF

part, digital part of the system can be designed.
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