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ABSTRACT 
 

 

WIDEBAND PHASE SHIFTER FOR 6-18 GHZ APPLICATIONS 

 

 

 

 

Boyacıoğlu, Gökhan 

M.Sc., Department of Electrical and Electronics Engineering 

Supervisor: Assoc. Prof. Dr. ġimĢek Demir 

 

 

June 2010, 159 pages 

 

 

 

 

 

 

 

Phase shifters are common microwave circuit devices, which are widely used in 

telecommunication and radar applications, microwave measurement systems, and 

many other industrial applications. They are key circuits of T/R modules and are 

used to form the main beam of the electronically scanned phase array antennas. 

Wideband operating range is an important criterion for EW applications. Hence, 

wideband performance of the phase shifter is also important.  

 

In this study, four wideband phase shifter circuits are designed, fabricated and 

measured for 6-18 GHz frequency range. Phase shifters are separately designed in 

order to get 11.25, 22.5, 45 and 90º phase shifts with minimum phase error and low 

return losses. Phase shifter circuits are designed and fabricated in microstrip structure 

onto two different substrates as Rogers TMM10i and Alumina using printed circuit 

board and thin film production techniques, respectively. Also phase shifter circuits 

that include microstrip spiral inductors for DC biasing are designed and fabricated 

using thin film production technique. For each design the fabricated circuits are 

measured and results are compared with simulation results in the content of this 
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thesis. Circuit designs and EM simulations are performed by using ADS2008
®
, 

Sonnet
®
, and CST

®
. 

 

Keywords: Wideband Phase Shifter, Hybrid Coupled Phase Shifter Circuits, Lange 

Coupler, Radial Stub, PIN Diode. 
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ÖZ 
 

 

6-18 GHZ UYGULAMALARI ĠÇĠN GENĠġ BANT FAZ KAYDIRICI 
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Faz kaydırıcılar, iletiĢim ve radar uygulamalarında, mikrodalga ölçüm sistemlerinde, 

ve bir çok farklı endüstriyel uygulamada sıklıkla kullanılan mikrodalga devre 

elemanlarından bir tanesidir. Faz kaydırıcılar T/R modüllerin en önemli devreleridir 

ve elektronik taramalı faz dizili antenlerin ana huzmesinin oluĢturulmasında 

kullanılırlar. GeniĢ bant çalıĢma aralığı elektronik harp uygulamalarında önemli bir 

ölçüttür. Bu yüzden faz kaydırıcıların geniĢ bant performansı da önemlidir. 

 

Bu çalıĢmada, 6-18 GHz frekans aralığı için dört geniĢ bant faz kaydırıcı devresi 

tasarlanmıĢ, üretilmiĢ ve ölçülmüĢtür. Faz kaydırıcılar; 11.25, 22.5, 45 ve 90º faz 

kaydırma değerlerini minimum faz hatası ve düĢük geriye dönüĢ kaybı ile elde etmek 

için ayrı ayrı tasarlanmıĢtır. MikroĢerit yapıdaki faz kaydırıcı devreler iki farklı 

dielektrik taban malzemesi Rogers TMM10i ve Alumina üzerine baskı devre kartı ve 

ince film üretim teknikleri kullanılarak tasarlanmıĢ ve üretilmiĢtir. Ayrıca, DC 

besleme için gereken irgiteçler mikroĢerit yapıda sarmal irgiteç olarak tasarlanmıĢ ve 

bu irgiteçlerin kullanıldığı faz kaydırıcı devreler ince film tekniği kullanılarak 

üretilmiĢtir. Bu tez kapsamında tasarlanan faz kaydırıcı devreler üretilmiĢ ve ölçüm 
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sonuçları benzetim sonuçları ile karĢılaĢtırılmıĢtır. Devre tasarımları ve 

elektromanyetik benzetimlerde ADS2008
® 

, Sonnet
® 

and CST
® 

programları 

kullanılmıĢtır. 

 

Anahtar Kelimeler: GeniĢ Bant Faz Kaydırıcı, Hibrit Bağlı Faz Kaydırıcı Devreler, 

Lange Bağlaç, Radyal Saplama, PIN Diyot.
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CHAPTER 1 
 

 

INTRODUCTION 
 

 

 

Microwave and millimeter phase shifters are being used widely in a variety of radar 

and communication systems, microwave instrumentation and measurement systems, 

and industrial applications. While the applications of microwave phase shifters are 

numerous as mentioned above, one of the most important application is within a 

phased array antenna system.  

 

Phased array antennas consist of a group of radiators. They are usually arranged in a 

symmetric pattern and are excited coherently through the use of phase shifters 

embedded in a feed network. The direction of the radiated beam is steered at a given 

angle in space, θ, by adjusting the phase of the signals fed to the various elements of 

the array. Conversely, an incident plane wave at an angle θ with respect to the array 

axis will induce a current in each of the array elements. Each of the signals can be all 

in phase by changing their phases. Then, they can be summed and the new formed 

signal will have an amplitude N times of the signal which is induced by one antenna 

element. A typical linear phased array consists of four radiating element is shown in 

Figure 1.1 [1]. As the two-port key element of a phased array antenna system, the 

phase shifter gives the role to change the phase of the input signal ideally without the 

insertion loss.  

 

In this thesis, four phase shifter circuits which provide 11.25º, 22.5º, 45º and 90º 

phase differences, are designed, fabricated and measured for 6-18 GHz applications 

using PIN diodes as the switching elements. Each phase shifter circuit is designed 

and fabricated onto two different substrates individually. Finally, simulation and 

measurement results are compared each other.  
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Figure 1.1 A Four-Element Linear Phased Array. 

 

 

1.1 Some Phase Shifter Studies in Literature 

The first examples of variable phase shifters came into existence in the 1940’s. Fox 

proposed the rotary vane adjustable waveguide phase changer in 1947 [2]. Although 

these mechanical phase changers were simple to fabricate and had very low loss, 

they were rugged and not suitable for the phased array antenna systems.  

 

The earliest form of electronically variable phase shifter was proposed by Reggia and 

Spencer [3] in 1957. They introduced an analog phase-shifting device which consists 

of magnetized ferrite rod that is placed at the center of a rectangular waveguide. With 

this study a new period began for ferrite phase shifter technology. Ferrites have the 

advantages in high power handling capacity, low insertion loss and low VSWR. On 

the other hand, ferrite phase shifters are large, have low switching speed and 

complex driver circuits. Moreover, ferrite’s magnetic permeability and 

corresponding insertion phase and phase shift, are dependent on both temperature 

and mechanical stress on the ferrite. 
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In 1958 B. M. Schiffman [4] pointed out that the design of broadband 90º differential 

phase shift networks for the microwave region is possible by using coupled 

transmission lines. Schiffman phase shifter is constructed from two separated 

transmission lines, one of which folded (parallel-coupled) to be dispersive. The phase 

difference between them can be made almost constant at 90º over a broadband by 

choosing suitable lengths of the transmission lines.  Quirarte [5] has described the 

general synthesis procedure of the basic Schiffman phase shifter. The original design 

of Schiffman phase shifter was based on stripline structure which has a homogeneous 

medium and supports TEM wave. The odd and even modes propagating along the 

coupled lines have equal phase velocities. If this circuit is designed on microstrip 

structure, the performance of the phase shifter will decrease. Because, the odd and 

even mode phase velocities of the coupled lines will be unequal. Over the years 

several different versions of Schiffman phase shifter have been proposed to improve 

its performance. However, narrow gap between the coupled lines is being a problem 

particularly at high frequencies. It is difficult to obtain tight coupling using PCB 

technology. 

 

Abbosh [6] proposed a method for ultra-wideband phase shifters. Broadside coupling 

between top and bottom elliptical microstrip patches via an elliptical slot is provided 

in this method. The proposed structure has been used to design 30º and 45º phase 

shifters that have compact size. ±3º phase error has been obtained in measurements 

for 3.1-10.6 GHz bandwidth while better than 10 dB return loss and less than 1 dB 

insertion loss achieved. 

 

Electronically controlled digital phase shifters using PIN diode as switches have 

become popular in 1960’s. In modern phased array antennas, there are many 

radiating elements, so this requires many phase shifters. Hence, a design that is 

small, electronically controlled, and can be economically produced in large quantities 

is desirable. The PIN diode phase shifters meet these requirements. In hybrid MIC, 

all passive components are deposited on the surface of a low-loss dielectric substrate, 

and discrete semiconductor devices such as PIN diodes are mounted onto the passive 

circuit by bonding, soldering or epoxy attachment. 
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J.F. White [7] showed that the transmission phase shifter using PIN diode control 

elements is quite suitable to L- and S-Band implementation. With the advantages of 

semiconductor control with PIN diodes, the approach that he proposed will prove 

useful for array antenna beam steering. 

 

Hybrid MIC technique has been applied to digitally controlled phase shift networks 

using PIN diodes as the switching elements in [8]. The phase shifters for L- and S-

Band have been designed. This development showed that the feasibility of the 

microstrip technique on alumina ceramic for phase sensitive circuitry and provided a 

complete microwave phase shifter in a miniature size. 

 

Garver [9] presented four types of phase shifters; switched line, loaded line, 

reflection and lumped element high-pass and low-pass circuits for broadband 

applications. Diodes were used as the switching elements. The diodes were 

connected to the circulator or 3 dB coupler in order in order to form reflection type 

phase shifter. Wideband phase shifting for 11.25º, 22.5º, 45º and 90º have been 

obtained ±2º phase error. The bandwidth is limited by the 3 dB coupler or circulator. 

Garver proposed that all four types of phase shifters could give octave bandwidth for 

low values of phase shift. 

 

Wideband hybrid coupled phase shifter has been proposed in reference [10]. Phase 

shifter consists of Lange coupler as the 3 dB coupler and radial stubs as the reflective 

loads at the end of the direct and coupled port of Lange coupler. Other ports of the 

Lange coupler are used as the input and output ports of the circuit. PIN diodes have 

been used in order to switch between the reflective loads. Using this method four 

wideband phase shifters were fabricated. For 6-18 GHz frequency band, maximum 

phase errors were ±2.2, 2.2, 3.6, and 5.5º for the 11.25, 22.5, 45, and 90º phase 

shifters, respectively.  

 

Adler and Popovich [11] have reported that all-pass networks can be used to design a 

broadband phase shifter. This method is based on the switching between the all-pass 

networks which are consist of inductors and capacitors that are calculated for the 

desired bandwidth. In order to increase the bandwidth, more than one stage is 
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cascaded. In [11], a four bit phase shifter, operating in the 4-8 GHz has been 

manufactured. However, as the frequency increases inductor and capacitor values 

become very low. This situation limits the design if cots components are used for 

capacitor and inductors. 

 

Modern phase shifters are mainly based on PIN diodes, FET and ferromagnetic 

materials. However, as the applications move up in frequency (GHz), the insertion 

loss in the current systems becomes more significant [12]. In recent years, MEMS 

solutions have been developed and presented. In reference [13], Rebeiz discussed 

many different MEMS-based phase shifter designs and their corresponding 

advantages and disadvantages. These phase shifters are usually based on FET 

designs. However, instead of utilizing FETs for the switches, researchers have used 

MEMS switches. Although MEMS phase shifters provide low insertion loss, they 

suffer from the modulation speed due to their mechanical characteristics. 

 

A low loss and ultra wideband RTPS using digitally operated capacitive MEMS 

switches has been reported in [14]. The fabricated phase shifter shows an average 

insertion loss of 3.48 dB, and maximum rms phase error ±1.80º for the relative phase 

shift from 0º to 90º over 5-17 GHz. 

 

In reference [15], RF MEMS phase shifter with constant phase shift has been 

presented. 11.25, 22.5, and 45º phase shifter circuits comprised of open-ended stubs, 

short-ended stubs, and MEMS capacitive shunt switches have been fabricated for the 

operating frequency range 10.7 – 12.75 GHz.  

 

With the development of MMIC technology, MMIC phase shifters come into 

existence in 1980’s. Its small size and weight, improved reliability and 

reproducibility are the main advantages of the MMIC over the hybrid MIC. Since, 

the wire bonds are eliminated and active devices are embedded within the 

semiconducting substrate, the undesired parasitic effects are minimized in MMIC. 

Although MMIC technology provides all the advantages of integration, the flexibility 

of circuit tuning is lost which is available in hybrid MIC [16]. So, in order to 

minimize the circuit adjustment after the production, the accurate circuit design 
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becomes an important consideration. Various types of MMIC phase shifters using 

different topologies have been proposed in the literature. 

 

A five bit MMIC phase shifter which covers over two octaves of bandwidth has been 

demonstrated in [17]. Phase shifter was composed of four separately optimized phase 

shifter sections consisting of a 180 degree bit, a 90 degree bit, a 45 degree bit, and a 

combined 22.5/11.25 degree section. The topologies of the 90, 45, and 22.5/11.25 

degree sections utilized interdigitated quadrature couplers terminated with FET 

switched reflective loads.  

 

In [18] another broadband MMIC phase shifter that operates between 6-18 GHz has 

been presented. The phase shift circuits design of the 5-bit phase shifter is based on 

the reflection type topology consisting of a 3 dB Lange coupler and a pair of 

reflective terminating circuits with switching FETs. The fabricated phase shifter has 

a typical insertion loss of 9.4 dB +/- 1.4 dB, a maximum RMS amplitude error of 

0.33 dB, and a maximum RMS phase error of 70 over the operating frequency band. 

 

MMIC 6-bit PIN diode phase shifter has been proposed in [19]. It has been designed 

onto the SiGe substrate and its operating frequency has been 7-11 GHz. Highpass / 

lowpass phase shift networks have been used for the 180º, 90º, 45º, and 22.5º phase 

bits. Simplified combination of capacitive and inductive elements was used in order 

to achieve 11.25º and 5.625º phase bits. The switching between these networks was 

provided by using PIN diodes. 

 

A MMIC phase shifter which consists of microstrip radial stubs has been presented 

in [20]. Highpass / lowpass topologies have been used for the phase shifter that 

operates between 1 to 22 GHz. Four identical 22.5º phase shift units were designed 

and cascaded to form 90º phase shifter. MESFETs were used as the switching 

elements. 

In recent years, there has been an important development in the area of artificial 

dielectric media that has negative permittivity ε and permeability μ. Such materials 

are usually called as metamaterials. The phase and group velocities are in the same 

direction in a conventional TL and they are defined as right-handed TL. On the other, 
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a TL that has negative dispersion with the opposite directions of the phase and group 

velocities is called as left-handed TL. A digital phase shifter that is based on right-

handed and left-handed TLs has been demonstrated in [21]. The 180º phase shifter 

has been designed as switching between the right-handed TL and left-handed TL. 

PIN diodes were used for the switching between the TLs. 

1.2 Organization of the Thesis 

This thesis consists of seven chapters. The phase shifter background is explained in 

Chapter 2. The basic definitions, applications and requirements of a phase shifter are 

given in this chapter. Chapter 3 presents the classification of the phase shifters. This 

chapter also provides an outline of existing phase shifters with their theories and 

applications. Moreover, a sample design of a hybrid coupled type phase shifter is 

briefly explained in this chapter. Chapter 4 presents the design, fabrication, and 

measurement results of Lange coupler which is produced using PCB technologies. 

The details of modeling of PIN diode are also given in this chapter. The design, 

fabrication and measurement results of 11.25, 22.5, 45, and 90º phase shifter circuits 

that are produced onto Rogers TMM10i substrate are given in Chapter 5. Also, the 

simulation and the fabricated results of the phase shifter circuits are compared in this 

chapter. Chapter 6 includes unfolded Lange coupler and the phase shifter circuits that 

are designed onto Alumina substrate using thin film production techniques. The 

simulation and fabricated results of these circuits are compared in this chapter. , 

Phase shifter circuits that include microstrip spiral inductors for DC biasing are given 

in Chapter 7. The measurement results of these circuits are also given here. Finally, 

the summary and conclusions are taken part in Chapter 8. 
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CHAPTER 2 
 

 

PHASE SHIFTER BACKGROUND 
 

 

 

2.1 Phase Shifter and Basic Definitions 

A phase shifter is a two-port microwave network providing that the phase difference 

between the input and the output signals may be controlled by a control signal, 

usually DC biasing. 

 

An ideal phase shifter changes the transmission phase angle of the incoming signal 

without affecting its amplitude response. However, in practice, phase shifter has 

some amount of insertion loss to be minimized. 

 

Some of the terminology and basic definitions used describing phase shifters are 

explained below. 

2.1.1 Insertion Phase 

The difference in phase between the input and output ports of the phase shifting 

device is called as insertion phase. If the two-port network is represented by its 

equivalent S-parameters, the transmission through the network is defined by the 21S  

term. In this case insertion phase can be written as: 

 

1 21
21

21

Im( )
tan

Re

S

S
 (2-1) 

 

The general schematic of a two-port phase shifter is shown in Figure 2.1. If the phase 

shifter is assumed to be lossless as in ideal case, the insertion phase of the device is 

given as , where 1V  is the input signal and 2V  that is equal to 1V je , is the output 

signal of the two port network. 



 9 

 

 

 
 

Figure 2.1 General Schematic of a Two Port Phase Shifter. 

 

 

2.1.2 Differential Phase Shift 

In order to obtain the given phase shift for a signal propagating through the network, 

phase shifters usually use the principle of switching between two different fixed 

insertion phases, 21a  and 21b . Then the differential phase shift provided by the 

device can be written as: 

 

21 21a b  (2-2) 

 

Depending on the sign of , Equation 2.2 shows that both phase delay or phase 

advance can be obtained.  

2.1.3 Return Loss 

The return loss of a phase shifter is an important criterion as in any other microwave 

devices. It is a measure of the loss caused by the device because of the mismatch 

between the source impedance and the input impedance of the phase shifter. If the 

source and the phase shifter are well matched, then the return loss of the device is 

high. The return loss of a phase shifter is given in dB as: 

 

10 11( ) 20logRL dB S  (2-3) 
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2.1.4 Insertion Loss 

The insertion loss of a phase shifter is the transmission loss of the signal resulting 

from the insertion of the device. It is a measure of the attenuation. So, if the insertion 

loss is high, signal will be attenuated more as it flows through the device. Insertion 

loss includes conductor losses, impedance mismatches, component losses etc. The 

insertion loss of a device is given by: 

 

10 21( ) 20logIL dB S  (2-4) 

 

2.1.5 Reciprocal and Nonreciprocal Phase Shifters 

For an ideal reciprocal phase shifter, the insertion phase of the signal propagating in 

one direction is equal to the signal propagating in opposite direction. Hence, for the 

reciprocal phase shifter below equation can be written. 

 

21 12  (2-5) 

 

If two reciprocal phase shifter networks are used and switching is applied between 

these two networks, the differential phase shift will also be reciprocal, i.e. 

 

21 12  (2-6) 

 

21 21 12 12a b a b  (2-7) 

 

For a nonreciprocal phase shifter, the insertion phase of the signal traveling from port 

1 to port 2 is not same as the signal traveling from port 2 to port 1, i.e. 

 

21 12  (2-8) 

 

Similarly, differential phase shifts between two nonreciprocal phase shifter networks 

will not be the same. 
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21 12  (2-9) 

 

21 21 12 12a b a b  (2-10) 

 

2.1.6 Phase Shifter Bandwidth  

The bandwidth of a phase shifter can be defined for the frequency range within a 

desired phase shift for the given tolerance. For instance if the tolerance given for 

certain phase shift  is ±3º, the ±3º bandwidth of the phase shifter can be written as: 

 

3º ( 3º) ( 3º)BW f f  (2-11) 

 

A reference to the shape of phase shifter’s phase versus frequency characteristic has 

to be considered while discussing the bandwidth of a phase shifter.  

 

2.1.7 True Phase Shifter and True Delay Line 

The true phase shifter and the true delay line which are the fundamental types of 

phase shifter must first be defined in order to understand the difference between them 

[22]. 

 

In a true phase shifter, the frequency response of the group delay is flat in the defined 

bandwidth of operation and its level does not change when the insertion phase is 

varied. The true phase shifter has a flat differential phase shift frequency response at 

all levels of differential phase shift. The frequency characteristics of a true phase 

shifter are given in Figure 2.2. True phase shifters can be used in multiple space 

diversity receiver-combiners in order to align RF signals within a pulse envelope.   
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Figure 2.2 Frequency Characteristics of a True Phase Shifter. 

(a) insertion phase, (b) differential phase shift and (c) group delay 

 

 

In a true delay line, the frequency response of the group delay is also flat in the 

defined bandwidth of operation, however, its level changes when the insertion phase 

is varied. The true delay line has a linear differential phase shift frequency response 

and it changes as the value of differential phase shift varies. The frequency 

characteristics of a true delay line are illustrated in Figure 2.3. True delay lines are 

frequently used in wideband microwave signal processing, especially in beam-

forming networks in phased array antennas. 

 

 

 
 

Figure 2.3 Frequency Characteristics of a True Delay Line. 

(a) insertion phase, (b) differential phase shift and (c) group delay 
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2.1.8 Phase Shifter Requirements 

There are many performance criteria such as insertion loss, operating bandwidth, 

phase flatness, size etc. that specify the electrical performance of a phase shifter. The 

importance of the each criterion varies as the application area of the phase shifter 

changes. For instance, in mobile and airborne systems, the physical size and weight 

of the phase shifter should be minimized, however this requirement can be relaxed 

for ground based systems. On the other hand, ground based systems need higher 

power handling capabilities than the mobile and airborne systems. Hence, when 

designing a phase shifter there are some requirements to be satisfied often resulting 

in some trade-offs. Some of the requirements for a phase shifter are explained below. 

 

The insertion loss of a phase shifter should be kept as low as possible as in any other 

microwave component. Its effect changes according to where the phase shifter is 

used. If the phase shifter is used in a transmitter, the insertion loss of the phase 

shifter will cause a loss in the transmitter power and the heat of the transmitter will 

increase because of the power dissipation. If the phase shifter is used in a receiver, 

the insertion loss will decrease the SNR of the device. There is a trade-off between 

the insertion loss and the number of bits in a digital phase shifter. As the number of 

bits is increased, the insertion loss of the phase shifter will also increase. Also, the 

bandwidth of operation imposes the insertion loss. If a broadband response is needed, 

high insertion loss can be accepted.  

 

The return loss is another important property for a phase shifter and it should be kept 

as small as possible. There are two major reasons of return loss: discontinuities and 

impedance mismatches. Since phase shifters are used in complex systems and 

cascaded with other microwave components, the return loss will directly affects the 

performance of the system. 

 

Although phase shift in an ideal phase shifter is constant in the bandwidth of 

operation, there is always a phase shift error because of variations with frequency, 

phase state, temperature, and power in practice. When designing a phase shifter, the 

phase shift error has to be as small as possible. If a broadband operation is required, 
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the phase shift error can be tolerated up to acceptable values. Phase errors cause 

some negative effects on phased array radars. For instance, it decreases the antenna 

gain in a transmitting array and increases sidelobes in a receiving array. For a phase 

shifter in a phased array, typically up to about 6º rms phase error is reasonable. 

 

Power handling capacity depends on the usage area of the phase shifter. For example, 

in a phased array radar, the phase shifter must be able to handle up to 250W peak 

power and 5W average power. However, for a phase shifter that is used in a T/R 

module can operate on the order of milliwatts.  

 

Switching time is another important property of electronic phase shifters which have 

different phase states to be switched each other. While switching from one particular 

phase state to another, there is a time duration that is called as switching time. In a 

phased array radar, the minimum detectable radar range will raise as the switching 

time increases. It is on the order of microseconds in practice for these systems. The 

technologies used in designing a phase shifter changes the switching time. For 

example, switching time is much longer in mechanical phase shifters when they are 

compared with integrated circuit phase shifters.   

 

Driver circuit is used to control switches, transistors or another electronic component 

which exist in phase shifter circuits. Driver circuits are important for phase shifters 

because complex driver circuits can affect the whole circuit. So, the driver circuit 

should be as simple as possible. Also, drive power is critical for the phase shifter. 

Low drive power should be preferred. A large drive power will cause more heat and 

the driver circuit may become more complex. 

 

Number of bits in a digital phase shifter designates the phase shift resolution which is 

an important property for applications that require very low sidelobe levels. As the 

number of bits increases, the resolution of the phase shifter increases. However, 

insertion loss, size and cost of the phase shifter circuit will rise when the number of 

bits is stepped up. So, there is a trade-off between these parameters as in the other 

phase shifter requirements. 
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Bandwidth of operation is another requirement for the phase shifters which are used 

in the systems that need wideband applications. As explained previously, bandwidth 

of a phase shifter depends on the tolerance of phase shift values. If a broadband 

phase shifter is required, the design specifications of some parameters such as phase 

shift error, insertion loss, return loss etc. should have to be changed. For example, the 

phase shift tolerance of a phase shifter which has 0.5 octave bandwidth is ±2º. On the 

other hand, if an octave bandwidth is required for the same phase shifter, the phase 

shift tolerance may become ±5º. 

 

In an ideal phase shifter, the magnitude of the RF signal is not disturbed while 

performing the phase shift operation. However, there is some amount of distortion in 

the amplitude of RF signal in practical applications. This situation may also 

introduce an undesired interfering tone signal component. Hence, in a phase shifter, 

amplitude variation with phase shift should be as small as possible.  

 

Size and weight are the other parameters of a phase shifter. Of course, as in the other 

electronic components smaller circuits are always preferred. Generally there is a 

limited space for these circuits in the whole system. Weight is a significant phase 

shifter requirement especially in mobile and airborne systems and it should be 

minimized.  

 

Cost and producibility are also important requirements for manufacturing process. 

Like in all productions, expense of the fabrication is significant parameter and it 

should be as low as possible. Also producibility is critical in manufacturing. There 

are many different phase shifter design topologies in the literature. While choosing a 

topology, the designer should consider the producibility of the design and it should 

be suitable for the mass production. 

 

As explained before the importance of each criterion depends on the application of 

phase shifter. Unfortunately, desirable properties for all of these criteria may not be 

satisfied with one type of phase shifter [23]. 
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2.1.9 Phase Shifter Applications 

Phase shifters are widely used in radar and communication systems, microwave 

instrumentation and measurement systems, and civilian sectors. Phase shifter 

technology has been rapidly improved after phased arrays started to come into 

existence. Thousands of radiating elements appear in a typical phased array and each 

radiating element is connected to an electronically variable phase shifter.  

 

Phase shifters are the key essential component of an ESA. Differential phase shift is 

required to scan to an angle off broadside. They are used to form the main beam of 

an electronically scanned phase array antennas.  

 

They are used in radar system applications such as finding target height, detection of 

multiple targets, surveillance, tracking, etc. 

 

Wireless communication systems, such as satellite communication, broadcasting, 

mobile communication and terrestrial communication, require various phased array 

antennas to be operated properly in a mobile environment. Hence, phase shifters are 

important components for these systems.  

 

There are also some circuits that use phase shifters. Variable power dividers which 

are controlled by phase shifters, adjustable-phase 3 dB power dividers and 

microwave frequency translators are some examples of these circuits. Butler matrices 

that are beam-forming networks for arrays are formed by a combination of hybrids 

and fixed phase shifters. 

2.2 Classification of Phase Shifters 

Phase shifters can be classified into many distinct types depending on its different 

features. For example, they can be grouped depending on whether the phase shift 

control is performed through mechanical or electronic. They can be categorized as 

analog or digital according to the type of operation. Digital or analog phase shifters 

can be divided into two sub categories as ferrite phase shifters or semiconductor 

device phase shifters with respect to their electronic control or mechanism. Other 
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classifications can be done with reference to the technology used for production as 

waveguide, hybrid, or monolithic [16].  

 

2.2.1 Mechanical Phase Shifters 

In mechanical phase shifters, phase shift is obtained by changing the insertion phase 

of the structure by mechanical tuning. Mechanical phase shifters typically are analog 

according to the type of operation. They are usually designed in a rectangular or 

circular waveguide. They have very low loss and they are not complex structures to 

fabricate. They are also cheaper than the electronic phase shifters. However, they are 

vast and heavy structures. Moreover, when they are compared with electronic phase 

shifters, they require much more time in order to change or switch of phase shift. 

Although they are still used in many applications, the significance of mechanical 

phase shifters has deceived gradually because of the existence of electronically 

variable phase shifters. Coaxial trombone, waveguide short-slot hybrid, rotary-vane 

adjustable waveguide phase shifters are some examples of mechanical type phase 

shifters. 

2.2.2 Analog Phase Shifters 

In analog phase shifters, the phase shift is changed continuously as the control signal 

varies. Analog phase shifters can provide large amount of phase shift and high speed. 

Also, any phase shift value can be obtained by changing the control voltage. The 

phase resolution can be said as infinite. However, one of the disadvantages of analog 

phase shifters is that their phase shift is sensitive to slight variations on the control 

signal. Generally, varactor diode where the capacitance varies with the bias voltage 

is used as the semiconductor control element in analog phase shifters. There are also 

ferrite analog phase shifters as Regia-Spencer phase shifter and rotary field phase 

shifter. 

2.2.3 Digital Phase Shifters 

Phase shifters are called digital when the differential phase can be changed by only a 

few predetermined discrete values such as 180º, 90º, 45º, and 22.5º [25]. A digital 

phase shifter usually is based on RF switches such as PIN diodes or FET. The 

insertion phase of the network is altered by changing the states of the RF switches 
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applying a DC control signal. The phase shift is not affected from the small 

variations on the DC control signal. This makes digital phase shifters more immune 

than the analog phase shifters. Another advantage of a digital phase shifter is its 

compatibility of interfacing with the digital computer for control signals. The phase 

accuracy and the size of a digital phase shifter are better than the analog phase 

shifters. Nevertheless, the insertion loss of a digital phase shifter usually is higher 

than the analog phase shifters. Hence, typically digital phase shifters are preferred for 

active array antennas where the insertion loss is not critical as phase accuracy or size. 

2.2.4 Basic Structure of a Digital Phase Shifter 

The basic structure of a digital phase shifter is shown in Figure 2.4. There are two 

networks as network 1 and network 2 which are separated by a SPDT. The insertion 

phases varying with frequency are 1( )f  and 2 ( )f  for network 1 and network 2, 

respectively. When the input signal is transmitted to output over the network 1 with 

appropriate switch positions, the phase of the transmitted signal becomes 1( )f  and 

it is accepted as a reference state. If the input signal is switched to pass through 

network 2, a differential phase shift is obtained as 1 2( ) ( )f f  which is 

predetermined value such as 22.5º or 45º, etc.  

 

 

 
 

Figure 2.4 Basic Structure of One Bit Phase Shifter Structure. 
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Network 1 and network 2 can be designed by using different phase shifter circuit 

topologies according to the requirements of the phase shifter. Some of them are 

explained in detail in the next chapter.  

 

PIN diodes and FETs are frequently used to realize the SPDT switches. Since, they 

affect the performance of the phase shifter directly; the insertion loss and the 

isolation of the switches are the most critical parameters.  

 

As it can be seen easily from the Figure 2.4, this structure forms just one fixed 

differential phase shift value. Hence, it can be called as single-bit phase shifter. A 

common digital phase shifter is formed by cascading a number of bit structures that 

is determined by the design requirement of the application. Hence, digital phase 

shifters provide a discrete set of phase shift values which are controlled by two-state 

phase bits. If n represents the number of the bits, the digital phase shifter provides  

 

2nM  (2-12) 

 

phase states. As the number of bits in a phase shifter is increased, 360º is divided into 

smaller steps. So, the resolution of the phase shifter is raised. However, increasing 

the number of bits is not very practicable especially for the wideband phase shifters. 

Since there is always a phase error changing with frequency, as the number of bits is 

increased, the phase error will become in a comparable with the minimum phase 

resolution.  

 

The smallest phase shift value which is also known as least significant bit, LSB, is 

obtained by the following equation: 

 

360º
ºLSB

M
 (2-13) 

  

Above equation also gives the minimum phase increment of the n-bit phase shifter. 

For a single-bit phase shifter n is equal to 1, so according to above equation LSB and 

minimum phase increment will be 180º that is the highest order bit or most 
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significant bit, MSB. The next highest bit is 90º if n is equal to 2, then 45º etc. And 

each bit is designed to get the desired phase shift value and cascaded each other. 

General diagram of an n-bit digital phase shifter is illustrated in Figure 2.5.   

 

 

 
 

Figure 2.5 Cascaded Bits of a Digital Phase Shifter. 

 

 

As explained previously, there are M phase steps in an n-bit digital phase shifters 

where one of the states is accepted as a reference state. The user can obtain any phase 

state with an increment of 360º / M by changing the control signals applied to the bit 

structures. A truth table for an n-bit digital phase shifter can be formed as shown in 

Table 2.1 according to the control signals of each bit.  

 

Table 2.1Truth Table of an n-bit Phase Shifter According to Control Signals  

 

Differential Phase Shift (º) 

Control Signals Applied To Bit Structures (0 or 1) 

Bit1 

(MSB) 

Bit 2 … Bit n-1 Bit n 

(LSB) 

0 (reference state) 0 0 … 0 0 

360/ M  0 0 … 0 1 

… … … … … … 

… … … … … … 

(360 / )( 2)M M  1 1 … 1 0 

(360 / )( 1)M M  1 1 … 1 1 
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If a 5-bit phase shifter is designed, there will be 52 32  phase states with a 

minimum phase increment360º /32 11.25º .  If all the control signals are 0, then a 

reference state 00000 is obtained and differential phase shift becomes 0º. If the LSB 

is changed to 1, the differential phase shift is obtained as 11.25º. If all the bits are 

changed to 11111, the differential phase shift becomes 348.75º. 

2.2.5 Ferrite Phase Shifters 

A ferrite phase shifter operates based on the principle that the permeability of a 

ferrite material varies with the intensity of a DC magnetic field bias. So, as the bias 

field intensity changes, the phase shift of an RF signal through the material varies 

[24]. Ferrite phase shifters use differential bulk propagation as technical approach. 

Ferrite phase shifter can be a good candidate for a high power application because of 

its low insertion loss and high power handling capacity. They have been used in 

many applications because of their smaller size and lightweight. However, they are 

not preferred in military applications due to production complexity, high cost and 

frequency limitations. Also, magnetic permeability of ferrite material is very 

sensitive to temperature and mechanical stresses. Ferrite phase shifters operating 

either in analog or digital can be designed as waveguides, striplines, microstriplines 

and coaxial lines. Twin-toroid phase shifters, dual-mode phase shifters and Faraday 

rotation are some known ferrite phase shifters. 

2.2.6 Semiconductor Device Phase Shifters 

One of the most popular implementation of digital or analog phase shifters is using 

semiconductor junction devices as electronic control elements. PIN diode, GaAs FET 

and the varactor diodes are some examples of semiconductor electronic switches 

which are widely used in different kinds of phase shifter topologies. Semiconductor 

phase shifters usually use the switching feature of the active devices. When they are 

compared with ferrite phase shifters, their switching speed is much faster. Moreover, 

diode phase shifters are nonsusceptible to temperature and mechanical stresses with 

respect to ferrite phase shifters. They also need small power levels usually in the 

order of miliwatts in order to perform switching. On the other hand, power handling 

capacity of semiconductor phase shifters usually is lower than ferrite phase shifters. 

Generally, semiconductor phase shifters are in reciprocal; however, if the switching 
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element is an active switch that has an amount of gain, they can be in nonreciprocal 

form.  

2.2.7 PIN Diode Phase Shifters 

One of the most popular implementation of semiconductor phase shifter is PIN diode 

phase shifters. As the name implies, PIN diodes are used to perform switching 

mechanism between the circuits that are designed to obtain desired phase shift. The 

advantages of these phase shifters are its small size and weight, broad bandwidth, 

low drive power, fast switching, and higher reliability and reproducibility [16]. The 

circuits that are generally used in PIN diode phase shifters are switched line, loaded 

line, high-pass low-pass, and hybrid coupled. The details of these circuits are given 

in the next chapter.  

 

In this thesis, PIN diodes have been used as the switching elements between the 

capacitive loads that terminate the two ports of hybrid coupler.   

2.2.8 Amplifier-Type Phase Shifters 

Amplifier-type phase shifters also known as active phase shifters provide RF signal 

amplification in addition to the desired phase shift. Generally, MESFETs, especially 

the dual-gate MESFETs, are used in the active amplifier mode in order to obtain this 

type of phase shifters. Active phase shifters can be divided into three groups such as: 

tuned-gate dual-gate MESFET phase shifter, active phase shifter using switchable 

SPDT amplifiers, and active phase shifter using vector modulator circuits.   

2.2.9 Phase Shifter Fabrication Technologies 

Microwave phase shifter designs can be realized using different manufacturing 

technologies such as waveguide, hybrid MIC, MMIC, RF MEMS etc. In this section 

some of the phase shifter types produced according to these technologies is briefly 

explained. 
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2.2.9.1 Hybrid MIC  

MIC technology introduces smaller size and weight when they are compared with 

waveguides. Also, they are suitable for mass production because of the improved 

reproducibility and low costs [12].  

 

Planar transmission lines and thin film technology are used for hybrid MIC. 

Transmission lines in the design generally are in microstrip form which provides 

tuning applications during the measurement. Dielectric is used as the substrate 

material. If there is an active device such as PIN diode or a transistor in the design of 

the phase shifter, they are attached to the passive circuit. Bonding and soldering can 

be done in hybrid MIC. The size and power handling capacity of a hybrid MIC is 

higher than MMIC. Switched line, loaded line, high-pass low-pass, and hybrid 

coupled circuit topologies can be used in hybrid MIC technology. One of the most 

popular realizations of hybrid MIC technology is PIN diode phase shifters.  

2.2.9.2 MMIC  

Monolithic microwave integrated circuits came into existence in the late 1970s. All 

passive and active devices which are required for a given circuit can be grown into 

the substrate [26]. Generally, Silicon (Si) or GaAs are used as a substrate. Monolithic 

integrated circuits provide small circuit size and light weight. A single wafer can 

contain a large number of circuits, all of which can be produced simultaneously. This 

makes MMIC amenable for mass productions. In addition, when they are compared 

with hybrid MIC, the parasitics that limit the circuit performance is very low in 

MMIC. This makes possible to design a circuit with a broader bandwidth. 

Nevertheless, MMIC design requires careful considerations for design and 

fabrication, because debugging, tuning, and trimming after production will be 

difficult, or impossible. Moreover, they can be expensive if small quantities are 

produced. MMIC is not suitable for high power applications. Most of the phase 

shifter topologies can be implemented using MMIC technology.  

2.2.9.3 RF MEMS 

Micro-Electro-Mechanical Systems (MEMS) is the integration of mechanical 

elements and electronics on a common substrate through microfabrication 
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technology. During the last years, RF MEMS technology has developed rapidly. RF 

MEMS switches result in low-loss phase shifters that are operated especially 8 to 120 

GHz. RF MEMS phase shifters can be used to eliminate 50-75% of the T/R modules 

in large phased arrays. For low loss phase shifters, it may be possible to feed two to 

four elements from a single T/R module, reducing the complexity of the system. The 

phase shifters produced by using RF MEMS, provide low-loss, high isolation and 

low drive power. However, switching speed and power handling capacity are the 

disadvantages of them. 
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CHAPTER 3 
 

 

PHASE SHIFTER DESIGN 
 

 

 

3.1 Introduction 

Various types of phase shifters are briefly explained in Chapter 2. As explained 

before, there are two different methods that are frequently used for designing digital 

phase shifters at microwave frequencies. One of them is to use ferromagnetic 

materials to obtain switchable phase shift. The other design for digital phase shifters 

uses semiconductor devices such as PIN diode or FETs. When semiconductor device 

phase shifters are compared to ferrite phase shifters, it can be said that they are more 

compact, require lower drive power levels, and have lower switching times [25]. 

Hence, the semiconductor device phase shifters are discussed in this chapter.  

 

As can be seen from Figure 3.1 semiconductor phase shifters can be divided into two 

groups according to their circuit configurations as transmission type and reflection 

type. Switched-line phase shifters, loaded-line phase shifters and switched-network 

phase shifters are some examples of transmission type phase shifters. Circulator 

coupled and hybrid coupled circuits are examples of reflection type phase shifters. 

 

The above mentioned circuits and the design of a hybrid coupled wideband phase 

shifter using radial stubs which is the main circuit used in the content of this thesis 

are explained in this chapter. 
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Figure 3.1 Various Types of Semiconductor Phase Shifters. 

 

 

3.2 Transmission Type Circuits 

3.2.1 Switched-Line Phase Shifters 

The basic idea behind the switched-line phase shifter is based on switching between 

two transmission line sections of different lengths. The basic configuration of the 

circuit for a single-bit is shown in Figure 3.2.  

 

 

 
 

Figure 3.2 Single Bit Switched-Line Phase Shifter. 

 

 

There are two ideal SPDT switches which are used to change the signal transmission 

path. Hence, signal passes through one of the two alternative transmission lines with 

the lengths of  1  or 2 . All the sections of transmission line have a propagation 
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constant of and a characteristic impedance, 0Z . In Figure 3.2, when signal passes 

through the upper branch of the phase shifter, the insertion phase becomes  1 1 . 

If the switches are reversed, the signal passes through the lower branch, hence the 

insertion phase is obtained as 2 2 . So, the differential phase between these two 

states can be written as:  

 

1 2 1 2( )   (3-1) 

 

Propagation constant  is given by 

 

2

p p

f
 

(3-2) 

 

where p  is the phase velocity.  As can be seen from the above equations, the 

differential phase shift  is a linear function of frequency. Because of this 

property, switched line phase shifters are also called as a true time delay device. The 

time delay d  can be written as:  

 

1 2
d

p

 
 

(3-3) 

 

The insertion loss of this type circuit is usually dependent on the SPDT switches 

since the transmission line losses are much lower. So, the insertion losses of the two 

branches are almost equal and the overall phase shifter loss will be independent of 

the phase shift. SPDT switches can be realized by using PIN diodes, FETs or MEMS. 

There is a common problem for these circuits in practice that there may be 

resonances in the branches due to the use of non ideal switches.    

Moreover, switched-line phase shifters are not suitable for the applications required 

constant differential phase shift over a bandwidth. Because, the differential phase 

shift is directly proportional to frequency. 
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3.2.2 Loaded-Line Phase Shifters 

Another common design for transmission type circuits is the loaded-line phase 

shifters where the propagation properties of the transmission line are changed. The 

basic configuration of the loaded-line phase shifters consists of a quarter-wavelength 

transmission line loaded with switchable reactive elements. These elements are 

usually arranged in a shunt symmetric form as shown in Figure 3.3 

 

 

 
 

Figure 3.3 Single Bit Loaded-Line Phase Shifter. 

 

 

The loaded-line phase shifter circuit can be analyzed by using the ABCD parameters 

of shunt susceptances and the transmission line [9]. Overall ABCD matrix of the 

circuit can be obtained by matrix multiplication of each element’s ABCD matrix. If 

the circuit is connected to susceptances 1B  by the proper selection of the switches, 

then ABCD matrix can be given as: 

 

0

01 1

0 1 0

2

1 0 0 1 0 1

cos sin1 0 1 0

sin cos1 1

(cos sin ) ( sin )

(2 cos ( )sin ) (cos sin )

jZA B

jYjB jBC D

Z B j Z

j B Y Z B Z B

 (3-4) 

 

For a reciprocal network, the transmission coefficient 21S  and the reflection 

coefficient 11S  can be obtained from the ABCD matrix by using the formulas given 

below: 
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 (3-6) 

 

0Z  is the characteristic impedance of the input and output lines. The normalized 

susceptance can be written as:   

 

1
1 1 0

0

N

B
B B Z

Y
 

(3-7) 

 

Transmission coefficient 21S of the circuit can be written using the formulas given in 

the equations (3-4), (3-5) and (3-7) as: 

 

1

21 21

2

1
1 1

2

(cos sin ) cos 1 sin
2

j

N
N N

S S e

B
B j B

 (3-8) 

 

The transmission phase 1  is given by: 

 

2

1
1

1

1

1

1 tan
2

tan
(1 tan )

N
N

N

B
B

B

 (3-9) 

 

For a lossless structure, the magnitude of the input reflection coefficient 11S of the 

circuit can be written as:  
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 (3-10) 

 

Setting equation (3-10) to zero results in the relation: 

 

1

2
tan

NB
 

(3-11) 

 

If the circuit is connected to susceptances 2B  by the proper selection of the switches, 

the equation (3-9) can be modified and the insertion phase can be found as: 

 

2

2
2

1

2

2

1 tan
2

tan
(1 tan )

N
N

N

B
B

B

 (3-12) 

 

where 2NB  is equal to  

 

2
2 2 0

0

N

B
B B Z

Y
 

(3-13) 

 

Using equations (3-9) and (3-12), the differential phase 1 2  can be found. It 

has also proved that [9] the widest bandwidth is obtained when / 2 and 

1 2N NB B . Using also these conditions, the differential phase shift is obtained as: 
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(3-14) 

 

Thus, ±90º is the maximum insertion phase that can be obtained by using loaded-line 

phase shifter. This provides maximum 180º differential phase shift. However, input 

reflection coefficient is affected by the value of 1NB . Hence, it is necessary to limit 

the phase shift to small values in order to obtain a good input match over a large 

bandwidth. Therefore, the loaded-line phase shifter is often used for 45º or lower 

phase shift bits.  Also as it can be seen from the equation (3-12), the differential 

phase shift is not a function of frequency; so, this circuit can be used in applications 

that require a constant phase shift over a large bandwidth.  

3.2.3 Switched-Network Phase Shifters 

Garver proposed a switched-network phase shifter in [9] as an alternative to 

conventional phase shifter circuits that use transmission lines. Using switched-

network phase shifters with lumped elements provide physically smaller circuits than 

the conventional types, especially for large phase shifts. A basic diagram of this type 

of phase shifter is shown in Figure 2.4. 

 

The low-pass and the high-pass filter circuit configurations shown in Figure 3.4 are 

the most commonly used networks in switched-network phase shifters. The low-pass 

and the high-pass filter circuits form the network 1 and network 2, respectively. 

When the low-pass filter is selected by the switches, a phase delay is occurred, and 

when the switches are connected to the high-pass filter a phase advance is provided 

by the circuit. The differential phase shift is achieved by switching between the two 

filters. 
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Figure 3.4 Switched Networks.  

(a) Low-Pass Filter, (b) High-Pass Filter  

 

 

Using ABCD matrices of the elements, the circuit can be analyzed as in the case of 

loaded-line phase shifter. If the circuit is switched to low-pass filter, the ABCD 

matrix can be written as: 

 

2

1 01 1

10 1 0 1

1 (2 )

1

N N

NLP

N N N N N

N N N

A B jX jX

jBC D

X B j X B X

jB X B

 (3-15) 

 

where NX  and NB  are the reactance and susceptance shown in Figure 3.4 

normalized with respect to transmission line impedance 0Z  and admittance 0Y , 

respectively.  

 

Then the transmission coefficient 21S  can be written as: 

 

21,

2

2

2

2(1 ) ( 2 )

LP

N N N N N N

S
A B C D

B X j B X B X

 (3-16) 

 

The insertion phase of the network can be obtained from the equation (3-16) as: 

 

2
1

21,

2
tan

2(1 )

N N N N
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N N

B X B X

B X
 (3-17) 



 33 

 

 

When the circuit is switched to high-pass filter shown in Figure 3.4, the insertion 

phase of the network is obtained by replacing NB  by NB  and NX  by NX  in 

equation (3-12) as: 

 

2
1

21,

2
1

2
tan

2(1 )

2
tan

2(1 )

N N N N
HP

N N

N N N N

N N

B X B X
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B X B X

B X

 (3-18) 

 

Then differential phase of the phase shifter is given by: 

 

21, 21,

2 2
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(3-19) 

 

As it can be seen from the equation (3-19), this type of circuit does not bear true-time 

delay properties, since the differential phase shift is not a linear function of the 

frequency. Hence, this circuit configuration can be used for wideband applications 

that need constant phase shift.  

 

The magnitude of transmission coefficient 21S  should be equal to 1 in ideal case, in 

order to obtain perfect input and output matching. Setting the magnitude of equation 

(3-16) to 1 and solving NB  results in: 

 

2

2

1

N
N

N

X
B

X
 

(3-20) 

 

Then, if NB  is replaced in equation (3-19) using the relation in equation (3-20), the 

differential phase shift is obtained as:  
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Finally, NX  and NB  can be found in terms of  using the equations (3-20) and (3-

21) as:  

 

tan
4

NX  (3-22) 

 

sin
2

NB  (3-23) 

 

Switching between the low-pass and the high-pass circuits provide constant phase 

shift over a large bandwidth without considerable disturbing the performance of 

input return loss. 

3.3 Refection Type Circuits 

Reflection type phase shifters are another significant class of phase shifters. The 

basic circuit configuration is shown in Figure 3.5. A uniform transmission line is 

terminated with a switchable reflection network. The network has two structures that 

have two different reflection coefficients such as, 
1 1 1

 and  
2 2 2

. 

The differential phase shift 1 2  is obtained when the reflection coefficient is 

switched from 1  to 2  [25]. The ratio of the reflected power to the incident power 

is given by 
2
 in each state. In an ideal case,  is equal to unity so that all the 

power coming to switchable network shown in Figure 3.5 is reflected back. Hence, 

there is no loss associated with the phase shifting operation. 
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Figure 3.5 Basic Configuration of Reflection Type Phase Shifter. 

 

 

The circuits provided reflection can be realized in two different ways. In the first 

group, an additional line length is added at the reflection plane. The concept is 

similar to that used in switched-line phase shifters. In the second group, the reactance 

terminating the line is altered and different reflection coefficient is obtained for each 

them. 

 

The circuit illustrated in Figure 3.5 is a one-port device. Nevertheless, two port phase 

shifter circuits are usually required for the most of the systems using phase shifters. 

The use of a circulator or a 90º hybrid makes converting one-port network into two-

port network possible. These two circuit configurations are shown in Figure 3.6 and 

Figure 3.7, respectively.  

 

 

 
 

Figure 3.6 Circulator Coupled Reflection Type Phase Shifter. 
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Figure 3.7 Hybrid Coupled Reflection Type Phase Shifter. 

 

 

As it can be seen from Figure 3.7, the hybrid coupled phase shifter is formed by 

using a 90º hybrid coupler where two ports of is terminated reflective circuits. 90º 

hybrid coupler is a four-port device that is used to equally split an input signal 

coming from port 1 with a resultant 90° phase shift between output ports port 2 and 

port 3. The signals are reflected from the two symmetric terminations and they add 

up at port 4 since they are in phase. They cancel each other at port 1, so that no signal 

returns back to port 1. Port 2 and port 3 are terminated with two identical reflective 

networks. When the signal is applied to port 1, the signals are reflected from the 

terminations with the same reflection coefficient 1  and sum up at port 4. If the 

terminations are switched to other two identical networks, the reflection coefficient 

will be 2  and the differential phase shift will be obtained. 

 

When these circuits are compared, the hybrid coupled phase shifters require two 

identical phase shift networks that are connected to through and coupled ports of the 

90º hybrid, while the circulator coupled phase shifter uses one. Hence, the number of 

devices used in the circuit is doubled. However, in reflection type phase shifter 

design, hybrid coupled circuits are preferred to circulator coupled circuits. Primarily, 

90º hybrids are more suitable for MICs and MMICs than the circulators. Also, the 

power handling capacity of the phase shifter is increased due to the use of two 

switching devices. Moreover, ease of fabrication, lower insertion loss, lower size and 

cost are the other advantages of the hybrid coupled phase shifters. 



 37 

 

 

3.4 Wideband Hybrid Coupled Phase Shifter Design  

One of the most popular implementation of a wideband phase shifter is using a 3 dB, 

90º coupler whose direct port and coupled port are terminated with two identical 

capacitive loads, as shown in Figure 3.8 [10]. If a signal is applied from the input 

port of the coupler such as 1 1 0ºa , then this signal is equally divided and sent to 

direct and coupled ports as 
2 1/ 2 90ºb  and 

3 1/ 2 180ºb , respectively. 

These signals are reflected by the capacitive load with a reflection coefficient of . 

The reflected signals at the direct port and the coupled port become 

2 / 2 90ºa  and 
3 / 2 180ºa , respectively. Then these signals are sent 

to input port and isolated port. The signal at the input port becomes 

1 / 2 0º / 2 180ºb , so that reflected signals at input cancel each other since 

they are out of phase.  The signal at isolated port becomes 4 / 2 90º / 2 90ºb , 

so that the reflected signals are add up since they are in phase. Hence, when the 

reflection coefficient of the capacitor pair is , then the insertion phase can be 

written as: 

 

90º  (3-24) 

 

 

 
 

Figure 3.8 Hybrid Coupled Phase Shifter with Capacitive Reflective Loads. 

 

 

The reflection coefficient of the capacitive load  can be written as: 
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1

01 2tan CZ  (3-25) 

 

where C  is the capacitance of the load and 0Z  is the characteristic impedance of the 

hybrid coupler. A typical phase shifter consists of two different pairs of capacitors 

1C  and 2C . So, there are two different states according to the selected capacitor pair. 

The differential phase shift is achieved by switching between 1C  and 2C  and it is 

given as: 

  

0 2 11

2 2

0 1 2

2 tan
1

Z C C

Z C C
 (3-26) 

 

where 0Z is the characteristic impedance of the hybrid coupler.  

 

In this thesis hybrid coupled reflection type phase shifter is designed where Lange 

coupler is used as a 3 dB, 90º hybrid and radial stubs are used as capacitive loads in 

order to provide reflection. It will be useful to mention the Lange coupler and the 

radial stub before talking about the linear design of the phase shifter.  

3.4.1 Lange Coupler 

A 3 dB, 90º hybrid coupler is required in order to design a hybrid coupler phase 

shifter. Generally, to obtain 3 dB coupling factor using conventional coupled lines is 

very difficult in practice, since the spacing between the lines become very narrow as 

the coupling factor is increased. Using several lines parallel to each other is one way 

to increase the coupling between the lines. Fringing fields at both edges contribute to 

the coupling [27]. One popular implementation of this approach is the Lange coupler 

developed by Dr. Julius Lange around 1969. Closely spaced transmission lines such 

as microstrip lines provide tight coupling. A typical geometry of a four fingers Lange 

coupler is illustrated in Figure 3.9. There are three important physical parameters that 

determine the coupling coefficient, center frequency, and bandwidth of a Lange 

coupler. These are the width of the conductors (w), spacing between the conductors 

(s) and the length of the conductors (l).  
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Figure 3.9 Lange Coupler Geometry. 

 

 

Here, four coupled lines are used with interconnections to provide the tight coupling. 

Lange coupler is designed such that when a signal is applied to the input port, power 

is divided into two equally but 90º out of phase and sent to the direct and coupled 

ports but none of the power to the isolated port. Lange coupler is a type of quadrature 

coupler, since there is 90º phase difference between the direct and coupled ports. The 

scattering matrix of an ideal Lange coupler is given by:  

 

0 1 0

0 0 11

1 0 02

0 1 0

j

j
S

j

j

 (3-27) 

 

With an octave or more bandwidth, 3 dB coupling ratios can be achieved using 

Lange coupler. There is also another configuration for Lange coupler called as 

unfolded Lange coupler [28] which is shown in Figure 3.10.  
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Figure 3.10 Unfolded Lange Coupler Geometry. 

 

 

The unfolded Lange coupler basically has same operational properties as the typical 

Lange coupler. However, from the physical point of view, the isolated and direct 

ports positions are interchanged. Also, unfolded form requires fewer wire 

connections than the typical Lange coupler. 

 

The unfolded Lange coupler is used in this thesis in order to design wideband phase 

shifter bits, since the direct port and the coupled port are not located on the same side 

of the coupler. 

3.4.2 Radial Stub 

Radial stubs, generally in microstrip form, are widely used in RF and microwave 

circuits for impedance matching, for bias lines and in filter circuits. They are usually 

used in both MICs and MMICs. Radial stubs are preferred to conventional line stubs 

in wideband applications, since their reflection coefficient is much higher. Also, 

radial stubs provide a low impedance levels in a wide frequency band. A typical 

radial stub is shown in Figure 3.11. For a radial stub, there are three important 

parameters as the angle, inner and outer radius. 

 



 41 

 

 

 
 

Figure 3.11 Radial Stub Connected to a Transmission Line. 

 

 

For the radial stub shown above, the input impedance inZ  is written in the following 

form [29]: 

 

0 1 0 1

1 1 1 1

( ) ( ) ( ) ( )120

( ) ( ) ( ) ( )

i o i o
in

i o i oi eff

Y r J r J r Y rh
Z j

J r Y r Y r J rr
 

(3-28) 

 

where mJ  and mY  are the m-order Bessel functions of the first and second type, 

respectively. 
02 /eff

 is the phase constant where eff  is the effective 

dielectric constant. h  is the thickness of the dielectric layer [10]. Bessel functions in 

equation (3-28) can be extended into a series, assuming 0 / 8r  and /10i or r : 

 

2

0 0

10120 2
2.8 i

in

eff

rh
Z j

r r
 (3-29) 

 

Equation (3-29) can be thought as a series combination of a capacitor 

2 /(240 )o effC r hc  and an inductor 120 (2.8 10 / ) /( )i oL h r r c  where c is the 

speed of light. Hence, the phase of the reflection coefficient  is obtained as [10]: 

 

1

0 0

1
( ) 2 tan ( ) ( )C Lx X xX

x
 (3-30) 
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where 0/x  and 0.5 1.5x .  

0 0 0( ) 1/( )CX CZ  and 0 0 0( ) /LX L Z  are the capacitive and inductive parts of 

the normalized input impedance 0 0( ) /inZ Z  at the center frequency 0 . If the 

equation (3-29) is expanded into Taylor series for 1x , the phase of the reflection 

can be written as: 

 

( ) (1) (1)( 1)x x  (3-31) 

 

where 
1(1) ( ) / xd x dx . 

 

3.4.3 Phase Shifter Design Using Lange Coupler and Radial Stubs 

As explained previously, the Lange coupler can be used as a 3 dB, 90º hybrid coupler 

and radial stubs for the capacitive loads. The phase shifter obtained with the use of 

these elements and the switches required for the selection of the stubs is shown in 

Figure 3.12.   

 

 

 
 

Figure 3.12 Hybrid Coupled Phase Shifter Using Lange Coupler and Radial Stubs. 

 

 

In equation (3-31) the reflection coefficient has been found for the radial stub. The 

insertion phase of the above structure has been found in equation (3-24) for the 

reflection coefficient of a capacitor. Now, if the capacitors shown in Figure 3.7 are 
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replaced with a pair of identical radial stubs, the insertion phase at the output 

(isolated port of the Lange coupler) is given by: 

 

( ) 90º ( )x x  (3-32) 

 

where ( )x has been given in equation (3-30) and (3-31). So the differential phase 

shift for the phase shifter shown in Figure 3.11 can be given as: 

 

1 2

1 2

( ) 90º ( ) 90º ( )

( ) ( )

x x x

x x
 (3-33) 

 

where 
1
( )x and 

2
( )x are the phase of the reflection coefficients of radial stubs 1 

and radial stubs 2 and they can be easily written according to equation (3-30) as:  

 

1 1 1

2 2 2

1

0 0

1

0 0

1
( ) 2 tan ( ) ( )

1
( ) 2 tan ( ) ( )

C L

C L

x X xX
x

x X xX
x

 (3-34) 

 

where 
1 0 0 1 0( ) 1/( )CX C Z , 

2 0 0 2 0( ) 1/( )CX C Z , 
1 0 0 1 0( ) /LX L Z  and 

2 0 0 2 0( ) /LX L Z .  

Also 2

1 1 1 /(240 )o effC r hc  and 1 1 1 1120 (2.8 10 / ) /( )i oL h r r c  where 1 , 1ir and 

1or  are the angle, inner radius and outer radius for the radial stub 1, respectively. 

2C and 2L is written for the radial stub 2 in a similar way. 

 

In reference [10], for a desired differential phase shift of (1)  at the center 

frequency and a desired maximum phase error of err , the normalized impedances 

of radial stubs should satisfy the following equations:  
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1

2 2

1

1 0 0

0 0

1 0 0

( ) ( ) tan( (1) / 2)
( ) ( )

1 ( ) ( ) tan( (1) / 2)

C L

C L

C L

X X
X X

X X
 

(3-35) 

 

1 2
( (1) (1)) / 2 err

 (3-36) 

 

where 
1 1 1(1) ( ) / xd x dx  and 

2 2 1(1) ( ) / xd x dx . 

 

3.4.4 Sample Design 

6-18 GHz wideband hybrid coupled phase shifter for 11.25º is designed as an 

example. Minimum phase error and return loss are aimed while designing the circuit. 

Advanced Design System is used for design and simulations. 15-mil thick Alumina 

substrate is chosen with a dielectric constant 9.8r . As a first step, the Lange 

coupler that is shown in Figure 3.13 is designed for 6-18 GHz. The center frequency 

of the coupler is 12 GHz. The width and the length of the conductors are 0.9 mils and 

97.8 mils, respectively. The spacing between the conductors is 0.67 mils. 

 

 

 
 

Figure 3.13 Lange Coupler Design in ADS. 

 

 

The magnitude response of the Lange coupler is shown in Figure 3.14. As it can be 

seen from the figure, the differences between 21S  and 31S  values at 6, 12, and 18 

GHz almost remain same and it is about 1.6 dB. This response is different than the 

typical Lange coupler response and it can be called as overcoupled since the 

transmission coefficient of the coupled port is higher than the transmission 
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coefficient of direct port in some frequency range. The return loss and the isolation 

are approximately better than -20 dB up to 18 GHz. 
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Figure 3.14 Magnitude Response of Lange Coupler. 

 

 

The phase response of the Lange coupler is shown in Figure 3.15. As it is expected 

the phase difference between the direct port and the coupled port is almost 90º.  
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Figure 3.15 Phase Response of Lange Coupler. 
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In the next step, the radial stubs are determined in order to obtain 11.25º with a 

minimum return loss. Radial stubs are also designed into 15-mil thick Alumina 

substrate. In ADS, the radial stub shown in Figure 3.16 is defined by width of input 

line (W), length of stub (L) and angle subtented by stub (A). The radial stub size 

parameters that are found using ADS to achieve 11.25º±0.5º differential phase shift 

are given in Table 3.1. 

 

 

 
 

Figure 3.16 Radial Stub Parameters in ADS. 

 

 

Table 3.1 Radial Stub Parameters  

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 10.5 6.2 

L (mils) 39.6 35 

A (º) 90 100 
 

 

The overall circuit that is obtained by connecting the Lange coupler’s direct and 

coupled ports to the radial stub pairs is shown in Figure 3.17. The ideal switches are 

used in this example. However, of course, in practical implementation these switches 

will be replaced by PIN diodes.  
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Figure 3.17 Basic Structure of the Phase Shifter. 

 

 

When the lossless switches are arranged to select the Stub-1 as the capacitive 

reflective loads; the insertion loss, the input return loss and the output return loss of 

the circuit are obtained as shown in Figure 3.18. The input return loss and output 

return loss are lower than -14 dB for the frequency range 6-18 GHz. The insertion 

loss is larger than -0.3 dB for the same frequency range. The dielectric and conductor 

losses are calculated in this simulation. Hence, they caused some amount of loss in 

the transmission. 
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Figure 3.18 Input and Output Return Losses When The Stub-1 Is Selected. 
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When the switches are arranged to select the Stub-2 as the capacitive reflective loads; 

the insertion loss, the input return loss and the output return loss of the circuit are 

obtained as shown in Figure 3.19. The input return loss and output return loss are 

lower than -13 dB for the frequency range 6-18 GHz. The insertion loss is larger than 

-0.3 dB for the same frequency range. 
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Figure 3.19 Input and Output Return Losses When The Stub-2 Is Selected. 

 

 

Figure 3.20 shows the insertion phases of the circuit when the Stub-1 and the Stub-2 

are selected as the reflected loads. Phase(S(2,1)) shows the phase response of the 

circuit when the Stub-1 is selected, while Phase(S(4,3)) shows the phase response of 

the circuit when the Stub-2 is selected. 
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Figure 3.20 The Insertion Phases of The Circuit for Stub-1 and Stub-2. 
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The differential phase shift is obtained by subtracting the phase responses shown in 

Figure 3.20. So, the differential phase shift response of the circuit presented in this 

example is shown in Figure 3.21.As it can be seen from the figure, the differential 

phase shift for 11.25º is achieved with ±0.5º phase error. 
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Figure 3.21 The Differential Phase Shift Between Insertion Phases. 

 

 

This example can be realized using different production techniques. In this thesis 

MIC technology is used with PIN diodes in order to provide switching between the 

loads. The phase shifter bits for 11.25º, 22.5º, 45º, and 90º are designed onto two 

different substrates Rogers TMM10i and Alumina. The phase shifter bits designed 

onto TMM10i substrate have been produced in ASELSAN facilities using PCB 

techniques. On the other hand, the phase shifter bits designed onto Alumina have 

been produced by American Technical Ceramics (ATC) using thin film production 

techniques. In the next four chapters, the designs and the measurement results of the 

phase shifter bits fabricated by these two different production techniques are 

explained in detail. 
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CHAPTER 4 
 

 

LANGE COUPLER DESIGN ON TMM10I SUBSTRATE 

AND MODELING OF PIN DIODE 
 

 

 

At the end of Chapter 3 the linear design of a wideband phase shifter is briefly 

explained using ADS program. In the design, the linear responses of the Lange 

coupler and radial stubs are used with lossless ideal switches. However, the phase 

shifter designs will be more realistic if the measurement results of Lange coupler and 

switches are used. Two PIN diodes are used instead of each switch shown in Figure 

3.17. In this chapter, the details of unfolded Lange coupler and PIN diode are 

explained. 

 

The Lange coupler is the most important component in the design of the phase shifter 

circuits that are in the scope of this thesis. If it does not work properly, the remaining 

part of the circuit is meaningless. Because of this reason, firstly the Lange coupler is 

designed, fabricated and measured in the beginning of this study. The fabrication and 

measurements of Lange coupler are performed in ASELSAN Inc. facilities. 

Secondly, the PIN diode which is another important component of the circuit is 

measured. Also, its model for linear simulations is extracted in order to use it in the 

design of the phase shifter circuits. 

 

4.1 The Dielectric Substrate and Metallization 

The Lange couplers in the content of this and next chapter are realized on Rogers 

TMM10i substrate.  

 

The dielectric constant r  of TMM10i substrate is 9.8 that is equal to the dielectric 

constant of Alumina. However, the dissipation factor tan  of TMM10i is given as 

0.002 where the tangent loss of the Alumina is 0.0002. So, it is obvious that TMM10i 
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is much more lossy than the Alumina. On the other hand, the electrical and 

mechanical properties of TMM10i combine the benefits of both ceramic and 

conventional PTFE microwave circuit laminates, without requiring the thin film 

production technique as in the case of Alumina. So, the designs can be manufactured 

using PCB technique in ASELSAN facilities.  

 

The thickness of the substrate is chosen as 25 mils. Of course, the substrate thickness 

should be low for high frequency applications since the substrate loss is increased. 

However, when the thickness of the substrate is decreased the spacing between the 

lines of the Lange coupler will decrease, too. Since the PCB technology is used, there 

are some limitations for the width of the lines and spacing between the lines. If the 

thickness were chosen as 15 mils, the spacing between the coupled lines would be 

smaller than 1 mil which is almost impossible for PCB technique. This is the reason 

of why the substrate thickness is selected as 25 mils. The metal conductor of the 

substrate is copper with a thickness of 1.42 mils. 

 

Since TMM10i is based on thermoset resins and does not soften, wire bonding which 

is required for Lange coupler fabrication can be performed without concerns of pad 

lifting or substrate deformation. 

4.2 Unfolded Lange Coupler 

As explained previously, the Lange coupler is the most important component of the 

circuit. The design, EM simulation, fabrication and measurement results of the Lange 

coupler are given in this part. 

 

4.2.1 Design and EM Simulation 

Microstrip unfolded Lange coupler is designed to operate for 6-18 GHz frequency 

band. ADS program is used for linear simulation of the coupler. Width and length of 

the coupled lines and spacing between the coupled lines are obtained as 2, 95 and 1.4 

mils, respectively. With these parameters, the Lange coupler designed on 25-mils 

thick TMM10i substrate has frequency response as shown in Figure 4.1. 
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Figure 4.1 Linear Simulation Result of Unfolded Lange Coupler. 

 

 

The differences between the S21 and S31 values at 6, 12 and 18 GHz are tried to be 

at same levels. The input return loss is lower than -17 dB while the isolation is lower 

than -16 dB at 18 GHz.  

 

In the next step, the EM simulations are performed using CST software. The circuit 

that is simulated in this program is shown in Figure 4.2. The Lange coupler is 

designed to measure by using probe station which will be also explained in the 

measurement setup. Hence, there are some modifications on 50 Ohm transmission 

lines such as extending and bending on them. Also, the limitations of the laser 

machine to produce the design are taken into account. Hence, the spacing between 

the coupled lines is increased to 2.2 mils. The width of the coupled lines is increased 

to 3 mils in order to increase the strength of the metal conductor on the substrate. The 

length of the coupled lines is 112 mils. 
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Figure 4.2 The CST Layout of Unfolded Lange Coupler. 

 

 

Two gold wires are used in order to connect the coupled lines. The radius and the 

length of the wire are 1 and 6 mils. The pads that are placed for bonding are tried to 

be bigger due to the limits of the laser machine. EM simulation frequency response 

of the unfolded Lange coupler is shown in Figure 4.3.  
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Figure 4.3 EM Simulation Result of the Unfolded Lange Coupler. 

 



 54 

 

 

When the above response is compared with linear simulation result, it can be seen 

that there is a slope on S21 and S31 which are the direct port transmission coefficient 

and coupled port transmission coefficient, respectively. Because, as the frequency is 

increased, the dielectric and conductor losses are also increased. Input return loss is 

below -15 dB while the isolation is lower than -9 dB at 18 GHz. The response can be 

shifted to low frequency side increasing the length of the coupled lines, however, the 

transmission coefficient S21 will decrease. The unfolded Lange coupler shown in 

Figure 4.2 is manufactured. The fabrication details are given in next section. 

 

4.2.2 Fabrication and Measurement 

The spacing between the coupled lines is the most critical parameter in the 

production process, since it requires very small value in order to provide tight 

coupling for Lange coupler. LPKF Proto Laser 200 machine shown in Figure 4.4 is 

used for PCB fabrication.  

 

 

 
Figure 4.4 LPKF Proto Laser 200. 

 

 

Many trials are done changing the machine properties in order to fabricate the 

coupler properly. Realization of the spacing between the coupled lines which is 2.2 
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mils was the hardest part of the production. Finally, the coupler that is shown in 

Figure 4.5 is fabricated.  

 
 

Figure 4.5 Fabricated Unfolded Lange Coupler. 

 

 

Afterwards, bonding between the pads of the coupled lines is performed by using 

ball bonder machine Kulicke Soffa AG 4124 that is shown in Figure 4.6. Golden 

wire of diameter 1mil is used for bonds. 

 

 

 
 

Figure 4.6 Kulicke Soffa AG 4124 Ball Bonder Machine. 
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After ball bond operation coupler is attached to a gold plated carrier using conductive 

epoxy. In order to measure the coupler using probe station, test points which are 

shown in Figure 4.8 are required. However, test point is 10 mils high where the 

height of the substrate is 25 mils. Hence, gold discs that are 10 mils high are attached 

to under the test points in order to decrease the height differences between the 

coupler and test point. Test points are attached over the gold discs using conductive 

epoxy. Finally, the connections between the coupler’s 50 Ohm transmission lines and 

the test points are performed by using Unitek Peco Model UB25 welding machine 

shown in Figure 4.7. 10 mil width golden ribbons are used in the connections. 

 

 

 
 

Figure 4.7 Unitek Peco Model UB25. 

 

 

All these operations are performed in clean room facility of ASELSAN Inc. The 

picture of the coupler that is ready for measurement is shown in Figure 4.8. The 

components used in assembling are also shown in this figure. 
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Figure 4.8 Assembled Unfolded Lange Coupler for Measurement. 

 

 

The measurement of unfolded Lange coupler is performed by using Cascade 

Microtech Microwave Probing Station and Agilent N5242A PNA-X 4 Port Network 

Analyzer operating between 10 MHz and 26.5 GHz. The measurement setup and 

probes that are approached to the coupler test points are illustrated in Figure 4.9 and 

Figure 4-10, respectively. The calibration of the four port network analyzer is done 

from the end points of the probes. Picoprobe calibration substrate CS-9 is used for 

the calibration process. Calibration is the most important part of measurements, since 

all results are dependent on the calibration done.  
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Figure 4.9 Measurement Setup of Lange Coupler. 

 

 

The measurement results are shown in Figure 4.11. The losses for S21 and S31 are 

increased especially after 16 GHz due to the loss of the dielectric substrate. If the 

substrate were thinner, the loss would be lower. Also, the coupling is decreased, 

since the spacing between the coupled lines is increased in order to be in the limits of 

the laser machine in PCB process. The input return loss is lower than -10 dB up to 18 

GHz where the isolation of the coupler is lower than -10 dB up to 16 GHz. This 

result is the optimum when the design specifications and limitations on the 

production are taken into account. This measurement result is used while designing 

the phase shifter bits. 
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Figure 4.10 Close View of the Measurement. 
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Figure 4.11 Measurement Result of Lange Coupler. 

 

 

4.3 Measurement and Modeling of PIN Diode  

As in the basic structure of phase shifter shown in Figure 3.16, switches are required 

in order to select appropriate radial stub pair in the phase shifting operation. In this 

thesis PIN diodes are used for switching components. 
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A PIN diode is a semiconductor device that operates as a variable resistor at 

microwave and RF frequencies. PIN diode is a current controlled component where 

the forward biased DC current determines the resistor value of the diode. Low 

insertion loss and fast switching speed make PIN diodes amenable for the microwave 

and RF applications. When the diode is forward biased, the switch is on. On the other 

hand if the diode is reversed biased, the input power is reflected back since the 

switch is off. Equivalent circuits of a typical PIN diode are given in Figure 4.12 

when the diode is forward and reversed biased. 

 

 

 
(a) Forward Biased       (b) Reversed Biased 

 
Figure 4.12 Equivalent Circuit Models of PIN Diode. 

 

 

Agilent HPND-4038 Beam Lead PIN Diode shown in Figure 4.13 is used in phase 

shifter circuits in the content of this thesis. A beam lead diode installed using a 

proprietary technique reduces the series inductance and has a significant 

improvement in performance. The datasheet of the HPND-4038 PIN diode is given 

in Appendix A. The circuit model of the PIN diode for forward and reverse biasing is 

obtained from the measurement result of the diode. The details of the measurement 

are explained in the next section.  
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Figure 4.13 Layout of HPND-4038 PIN Diode. 

 

 

The HPND-4038 PIN diode is used as a single pole, single throw switch between the 

ports of unfolded Lange coupler and the radial stubs. For a series configuration of the 

diode, the bias network is illustrated in Figure 4.14. 

 

 

 
 

Figure 4.14 Bias Network of PIN Diode for Series Configuration. 

 

 

The circuit shown in Figure 4.15 is prepared for the measurement of PIN diode. 

Since the phase shifter bits are designed on 25-mil thick TMM10i, the measurement 

of the diode is performed on the same substrate. Two 50 Ohm transmission lines are 

designed leaving 10 mils space between them. The width and the length of the 

transmission lines are 22 and 120 mils, respectively. The substrate is placed onto a 

gold plated carrier. The diode is assembled between these lines using conductive 
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epoxy. RF choke inductors are realized by gold wires. The diameter of the wire is 1 

mil where its length is approximately 280 mils. This configuration of gold wire 

provides almost 7-8 nH. One of the gold wires is bonded between the transmission 

line and 10 nF thin film surface mount capacitor that is used for DC source filtering. 

The other wire is bonded between the transmission line and carrier for ground 

connection. Wire bonds are strengthened by applying epoxy to the connection points. 

A 50 Ohm resistor is used between 10 nF capacitor and jumper to limit the DC 

current. To apply the DC signal a jumper is assembled to the circuit. Connections 

between the components are performed by using 1 mil gold wires. Test points that 

are connected to the transmission lines using 10 mil ribbons are placed to the input 

and output of the circuit  

 

 

 
 

Figure 4.15 Measurement Circuit of HPND-4038 PIN Diode. 

 

 

The measurement of the circuit is performed by using calibrated probing station, 

network analyzer and DC power supply. The DC blocking capacitors operating for 

DC-26.5 GHz are connected between the measurement cables and RF probes. For 
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forward biasing of the PIN diode 11 mA DC current is applied from the power 

supply and -1.5 V signal is applied for the reverse biasing of the PIN diode. The 

insertion loss and input and out return losses of the forward biased circuit are given 

in Figure 4.16 and Figure 4.17, respectively. These results contain transmission line 

losses, discontinuities, parasitic effects from biasing circuit and test point losses.  
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Figure 4.16 Insertion Loss of the Forward Biased Circuit. 
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Figure 4.17 Input and Output Return Losses of the Forward Biased Circuit. 

 

 

The insertion loss and input and out return losses of the reversed biased circuit are 

given in Figure 4.18 and Figure 4.19, respectively. Similarly, these results contain 

transmission line losses, discontinuities, parasitic effects from biasing circuit and test 

point losses. 
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Figure 4.18 Insertion Loss of the Reversed Biased Circuit. 
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Figure 4.19 Input and Output Return Losses of the Reversed Biased Circuit. 

 

 

Afterwards the same circuits for both forward biased and reversed biased are 

simulated in ADS. These circuits are compared with the measurement results in order 

to obtain the forward biased and reversed biased equivalent circuits of the PIN diode. 

Compared circuits for forward biasing are given in Figure 4.20. The measurement 

results of 50 Ohm transmission lines are used in this circuit. 
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Figure 4.20 Equivalent Circuit of Figure 4.15 for Forward Biased. 

 

 

The equivalent model of the PIN diode is shown in a rectangle in Figure 4.20. With 

the values shown in above figure, the simulation result and measurement result of the 

circuit shown in Figure 4.15 are compared in Figure 4.21 and Figure 4.22. The 

results are close each other up to 16 GHz. Hence, the equivalent model for the 

forward biased PIN diode is found based on Figure 4.12 as L= 0.16 nH and R=1.5 

Ohm. 
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Figure 4.21 Insertion Losses of Simulation and Measurement (Forward Biased). 
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Figure 4.22 Return Losses of Simulation and Measurement (Forward Biased). 

 

 

Similar simulation is performed for reverse biasing case. The equivalent ADS circuit 

is given in Figure 4.23. So that, the equivalent circuit model for the reverse biased 

PIN diode is found based on Figure 4.12 as C= 0.085 pF. The ADS simulation and 

measured results are compared in Figure 4.24 and Figure 4.25. The results are similar 

up to 16 GHz. 

 

 

 
 

Figure 4.23 Equivalent Circuit of Figure 4.15 for Reverse Biased. 
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Figure 4.24 Insertion Losses of Simulation and Measurement (Reverse Biased). 

 

 

6 8 10 12 14 16 184 20

-8

-6

-4

-2

-10

0

freq, GHz

d
B

ReturnLoss_Simulation

ReturnLoss_Measured

 
 

Figure 4.25 Return Losses of Simulation and Measurement (Reverse Biased). 

 

Two important components, unfolded Lange coupler and PIN diode are measured 

and modeled for the design of phase shifter bits 11.25, 22.5, 45 and 90º. The design, 

fabrication, and measurement details of them are explained in the next chapter. 
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CHAPTER 5 
 

 

PHASE SHIFTER DESIGNS ON TMM10I SUBSTRATE 
 

 

 

The measurement results of unfolded Lange coupler and the model of PIN diode are 

obtained in Chapter 4. With the use of measured data of Lange coupler and the 

model of PIN diode, the phase shifter circuits for 11.25, 22.5, 45 and 90º bits are 

formed by adding the radial stubs to the circuit. In this chapter, the design, 

fabrication, and measurements of the wideband phase shifter bits for 11.25, 22.5, 45 

and 90º are explained in detail. The phase shifter bits are fabricated onto Rogers 

TMM10i substrate using PCB production technology in ASELSAN facilities where 

PIN diodes are mounted to the circuits as the switching component. In the beginning 

of the work, the operating frequency band for the phase shifter bits is determined as 

6-18 GHz. However, because of the limitations on Lange coupler, thickness of the 

substrate and the biasing problems of PIN diode, the operating frequency band is 

obtained as 7-14 GHz. Over the whole frequency band, the measured maximum 

phase errors were ±2.1, 3.2, 5.5, and 13º for the 11.25, 22.5, 45, and 90º phase 

shifters, respectively. The maximum insertion losses were 2.1, 2.0, 2.1, and 2.3 dB in 

the frequency band for the 11.25, 22.5, 45, and 90º phase shifters, respectively. Also, 

input and return losses of all phase shifter circuits in any state are lower than -10 dB. 

The comparison of the simulation and fabricated results are given at the end of the 

chapter.  

5.1 Design of Phase Shifter Bits 

5.1.1 11.25º Phase Shifter Bit 

After obtaining the measurement result of unfolded Lange coupler shown in Figure 

4.11 and model of the PIN diode in previous chapter, determining the radial stubs of 

the phase shifter bits forms the remaining part of the work. Figure 5.1 shows the 

circuit designed in ADS for a phase shifter bit where the Stub-1 pair is selected as the 

reflective load of the direct and coupled ports of unfolded Lange coupler.  
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Figure 5.1 The Circuit Designed in ADS. 

 

 

The measured data of unfolded Lange coupler and the model of the PIN diode for 

both forward biased (diode is ON) and reverse biased (diode is OFF) are used in 

ADS simulations. The biasing circuits are not illustrated in the above circuit. 

 

Similarly, another circuit is designed where Stub-2 pair is selected as the reflective 

load. In order to get the desired differential phase shift the insertion phases of each 

circuit are subtracted from each other as explained previously. So Stub-1 and Stub-2 

sizes are determined for the desired differential phase shift. The input and output 

return losses of the circuit for both state are tried to be minimized while designing 

the stubs. Tuning and optimization properties of ADS are used in the design stages. 

The differential phase shift, insertion loss, input and output return loss for both states 

of 11.25º phase shifter bit are shown in Figure 5.2, Figure 5.3 and Figure 5.4. 
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Figure 5.2 Differential Phase Shift for 11.25º Bit. 
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Figure 5.3 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 5.4 Insertion and Return Losses when Stub 2 is Selected. 
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When the results are examined, the phase shift for 11.25º ±1.25º is satisfied for only 

6-11 GHz bandwidth. Also the insertion and return losses for both states are getting 

worse for the frequencies above 11 GHz. 

 

The unfolded Lange coupler measurement is the reason of this degradation on the 

results. Coupler measurement is performed using circuit in Figure 4.5. In this 

configuration the direct and coupled port 50 Ohm transmission lines are almost 120 

mils long in order to perform the measurement using probing station. This length of 

transmission lines do not cause a problem while measuring the coupler alone since 

all the ports are terminated with 50 Ohm probes. However, when direct and coupled 

ports are terminated by different loads instead of 50 Ohms; the length of these lines 

becomes important. Hence, the length of these lines should be smaller. According to 

this result, the circuit shown in Figure 5.5 is formed where the direct and coupled 

port lines are shortened using -100 mils length 50 Ohm transmission line in ADS. 

 

 

 
 

Figure 5.5 The Use of -100 mils Length of Transmission Lines. 

 

 

The biasing circuits are not shown here but they are included in the simulations. 

Similarly, another circuit is designed where Stub-2 pair is selected as the reflective 

load. In order to get the desired differential phase shift the insertion phases of each 
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circuit are subtracted from each other as explained previously. After obtaining the 

stub sizes that are given in Table 5.1 using tuning and optimization, the differential 

phase shift, insertion loss, input and output return losses for both states of 11.25º bit 

are shown in Figure 5.6, Figure 5.7 and Figure 5.8. 

 

Table 5.1 Radial Stub Sizes for 11.25º Phase Shifter Bit 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 9 11.5 

L (mils) 38 36 

A (º) 100 85 
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Figure 5.6 Differential Phase Shift for 11.25º Bit. 
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Figure 5.7 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 5.8 Insertion and Return Losses when Stub 2 is Selected. 

 

 

As can be seen from the graphs above, 11.25º phase shift is satisfied for the 

frequency range 6.5-16 GHz with almost ±1º tolerance. Also the input and output 

return losses for both states are lower than -13 dB for 6.5-16 GHz frequency range. 

Insertion losses for both states are higher than -1.4 dB approximately. 

5.1.2 22.5º Phase Shifter Bit 

The same circuit configuration given in Figure 5.5 is used for the design of 22.5º 

phase shifter bit. The stub values that are obtained performing tuning and 

optimization are shown in Table 5.2. 

 

Table 5.2 Radial Stub Sizes for 22.5º Phase Shifter Bit 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 9 13 

L (mils) 39 34 

A (º) 105 80 
 

 

The differential phase shift, insertion loss, input and output return losses for both 

states of 22.5º bit are shown in Figure 5.9, Figure 5.10 and Figure 5.11. 
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Figure 5.9 Differential Phase Shift for 22.5º Bit. 
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Figure 5.10 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 5.11 Insertion and Return Losses when Stub 2 is Selected. 
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As can be seen from the graphs above, 22.5º phase shift is satisfied for the frequency 

range 6.5-16 GHz with almost ±2.2º tolerance. Also the input and output return 

losses for both states are lower than -14 dB for 6.5-16 GHz frequency range. 

Insertion losses for both state are higher than -1.45 dB approximately. 

 

5.1.3 45º Phase Shifter Bit 

The same circuit configuration given in Figure 5.5 is used for the design of 45º phase 

shifter bit. The stub values that are obtained performing tuning and optimization are 

shown in Table 5.3. 

 

Table 5.3 Radial Stub Sizes for 45º Phase Shifter Bit 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 8 15 

L (mils) 41 29 

A (º) 115 75 
 

 

The differential phase shift, insertion loss, input and output return losses for both 

states of 45º bit are shown in Figure 5.12, Figure 4.13 and Figure 5.14. 
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Figure 5.12 Differential Phase Shift for 45º Bit. 
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Figure 5.13 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 5.14 Insertion and Return Losses when Stub 2 is Selected. 

 

 

As can be seen from the graphs above, 45º phase shift is satisfied for the frequency 

range 6.5-16 GHz with almost ±4.4º tolerance. The input and output return losses 

when Stub 1 is selected are lower than -15 dB for 6.5-16 GHz frequency range where 

insertion loss is higher than -1.6 dB approximately. The input and output return 

losses when Stub 2 is selected are lower than -11 dB for 6.5-16 GHz frequency range 

where insertion loss is higher than -1.3 dB approximately. 

 

5.1.4 90º Phase Shifter Bit 

The same circuit configuration given in Figure 5.5 is used for the design of 90º phase 

shifter bit. The stub values that are obtained performing tuning and optimization are 

shown in Table 5.4. 
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Table 5.4 Radial Stub Sizes for 90º Phase Shifter Bit 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 5 16 

L (mils) 51 26 

A (º) 125 60 
 

 

The differential phase shift, insertion loss, input and output return losses for both 

states of 90º bit are shown in Figure 5.15, Figure 5.16 and Figure 5.17. 
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Figure 5.15 Differential Phase Shift for 90º Bit. 
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Figure 5.16 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 5.17 Insertion and Return Losses when Stub 2 is Selected. 

 

 

As can be seen from the graphs above, 90º phase shift is satisfied for the frequency 

range 6.5-16 GHz with almost ±11º tolerance. The input and output return losses 

when Stub 1 is selected are lower than -17 dB for 6.5-16 GHz frequency range where 

insertion loss is higher than -2.6 dB approximately. The input and output return 

losses when Stub 2 is selected are lower than -10 dB for 6.5-16 GHz frequency range 

where insertion loss is higher than -1.3 dB approximately. 

 

5.2 Fabrication and Measurement of Phase Shifter Bits 

5.2.1 11.25º Phase Shifter Bit 

The fabricated 11.25º bit is shown in Figure 5.18. LPKF Proto Laser shown in Figure 

4.4 is used for PCB production. All assembling processes are performed in clean 

room facilities of ASELSAN Inc. The substrate is placed onto a gold plated carrier. 

The PIN diodes are mounted using conductive epoxy between the radial stubs and 

ports of unfolded Lange coupler. Since the bias voltage is applied from the direct and 

coupled ports of the coupler, the directions of the diodes at one port are different 

from each other. Hence, when a positive voltage is applied to the circuit, the current 

flows over one of the stubs and related diode is ON while the other is OFF. RF choke 

inductors are realized by gold wires. The diameter of the wire is 1 mil where its 

length is approximately 280 mils. This configuration of gold wire provides almost 7-

8 nH. Two of the gold wires are bonded between the ports of the Lange coupler and 

10 nF thin film surface mount capacitors that are used for DC source filtering. The 
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other four wires are bonded between the radial stubs and carrier for ground 

connection. Two 50 Ohm resistors are used between 10 nF capacitors and jumpers to 

limit the DC current. To apply the DC signal two jumpers are assembled to the 

circuit. Connections between the components are performed by using 1 mil gold 

wires. Test points are connected to the input and isolated ports of Lange coupler 

using 10 mil ribbons for measuring processes.  

 

The measurement of 11.25º is performed by using Cascade Microtech Microwave 

Probing Station, Agilent E8346B PNA Network Analyzer operating between 10 

MHz and 50 GHz, and Agilent E3631A Triple Output DC Power Supply. The DC 

blocking capacitors operating for DC-26.5 GHz are connected between the 

measurement cables and RF probes. The measurement setup is shown in Figure 5.19. 

The calibration of the network analyzer is done from the end points of the probes. 

Picoprobe calibration substrate CS-9 is used for the calibration process. The DC 

probes are used to apply the DC signal from power supply to the jumper. 

 

 

 
Figure 5.18 Fabricated 11.25º Phase Shifter Bit. 
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Figure 5.19 Measurement Setup. 

 

 

When +1.5 V is applied from the power supply to the jumpers the PIN diodes that are 

connected to Stub 1 are forward biased. When -1.5 V is applied, the PIN diodes that 

are connected to Stub 2 are forward biased. Hence, the Stub 1 and Stub are selected 

by applying +1.5 V or -1.5 V. The differential phase shift occurs between these two 

states. The differential phase shift between these states is shown in Figure 5.20. The 

insertion loss and input and output return losses for both states are given in Figure 

5.21 and Figure 5.22. 
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Figure 5.20 Differential Phase Shift for 11.25º Bit. 
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Figure 5.21 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 5.22 Insertion and Return Losses when Stub 2 is Selected. 

 

 

When the measurement results are examined the differential phase shift for 11.25º is 

satisfied with phase error ±2.1º for 7-14 GHz. When the Stub 1 is selected the 

insertion loss for this frequency band is lower than -2.2 dB. The input and return 

losses are lower than -15 dB. When the Stub 2 is selected the insertion loss for this 

frequency band is lower than -2.1 dB. The input and return losses are lower than -11 

dB. 
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5.2.2 22.5º Phase Shifter Bit 

The fabricated 22.5º bit is shown in Figure 5.23. The fabrication and measurement 

processes are performed in the same way as in 11.25º bit. 

 

The differential phase shift between the states is shown in Figure 5.24. The insertion 

loss and input and output return losses for both states are given in Figure 5.25 and 

Figure 5.26. 

 

 
 

Figure 5.23 Fabricated 22.5º Phase Shifter Bit. 
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Figure 5.24 Differential Phase Shift for 22.5º Bit. 
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Figure 5.25 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 5.26 Insertion and Return Losses when Stub 2 is Selected. 

 

 

When the measurement results are examined the differential phase shift for 22.5º is 

satisfied with phase error ±3.2º for 7-14 GHz. When the Stub 1 is selected the 

insertion loss for this frequency band is lower than -2.0 dB. The input and return 

losses are lower than -17 dB. When the Stub 2 is selected the insertion loss for this 

frequency band is lower than -2.1 dB. The input and return losses are lower than -12 

dB. 

5.2.3 45º Phase Shifter Bit 

The fabricated 45º bit is shown in Figure 5.27. The fabrication and measurement 

processes are performed in the same way as in 11.25º bit. 

 



 84 

 

 

The differential phase shift between the states is shown in Figure 5.28. The insertion 

loss and input and output return losses for both states are given in Figure 5.29 and 

Figure 5.30. 

 

 

 
 

Figure 5.27 Fabricated 45º Phase Shifter Bit. 
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Figure 5.28 Differential Phase Shift for 45º Bit. 
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Figure 5.29 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 5.30 Insertion and Return Losses when Stub 2 is Selected. 

 

 

When the measurement results are examined the differential phase shift for 45º is 

satisfied with phase error ±5.5º for 7-14 GHz. When the Stub 1 is selected the 

insertion loss for this frequency band is lower than -2.1 dB. The input and return 

losses are lower than -19 dB. When the Stub 2 is selected the insertion loss for this 

frequency band is lower than -1.8 dB. The input and return losses are lower than -11 

dB. 

5.2.4 90º Phase Shifter Bit 

The fabricated 90º bit is shown in Figure 5.31. The fabrication and measurement 

processes are performed in the same way as in 11.25º bit. 
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The differential phase shift between the states is shown in Figure 5.32. The insertion 

loss and input and output return losses for both states are given in Figure 5.33 and 

Figure 5.34. 

 

 

 
 

Figure 5.31 Fabricated 90º Phase Shifter Bit. 

 

 

7 9 11 13 155 17

-100

-90

-80

-110

-70

freq, GHz

D
e

g
re

e
 (

º)

7.500G
-101.0 

m2

Readout

m3

Readout

m1

Phase_Shift

m2
freq=
Phase_Shift=-103.057

8.500GHz
m3
freq=
Phase_Shift=-77.082

14.00GHz
m1
freq=
Phase_Shift=-97.562

7.000GHz

 
 

Figure 5.32 Differential Phase Shift for 90º Bit. 
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Figure 5.33 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 5.34 Insertion and Return Losses when Stub 2 is Selected. 

 

 

When the measurement results are examined the differential phase shift for 90º is 

satisfied with phase error ±13º for 7-14 GHz. When the Stub 1 is selected the 

insertion loss for this frequency band is lower than -2.2 dB. The input and return 

losses are lower than -17 dB. When the Stub 2 is selected the insertion loss for this 

frequency band is lower than -2.3 dB. The input and return losses are lower than -9 

dB. 

 

The measurements results show that the phase shifter bits provide desired phase shift 

for 7-14 GHz frequency band. The comparison between the results of simulation and 

fabrication are given in the next section for 6-15 GHz frequency band. 



 88 

 

 

5.3 Comparison of Simulation and Fabricated Results 

5.3.1 Comparison of 11.25º Phase Shifter Bit 

Figure 5.35 shows the comparison of differential phase shifts between the simulation 

and fabricated results. The insertion loss and input return losses are compared for 

both states in Figure 5.36 and Figure5.37. 
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Figure 5.35 Comparison of 11.25º Phase Shifter Bit. 
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Figure 5.36 Comparison of Insertion and Input Return Losses for Stub 1. 
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Figure 5.37 Comparison of Insertion and Input Return Losses for Stub 2. 

 

5.3.2 Comparison of 22.5º Phase Shifter Bit 

Figure 5.38 shows the comparison of differential phase shifts between the simulation 

and fabricated results. The insertion loss and input return losses are compared for 

both states in Figure 5.39 and Figure 5.40. 
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Figure 5.38 Comparison of 22.5º Phase Shifter Bit. 
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Figure 5.39 Comparison of Insertion and Input Return Losses for Stub 1. 
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Figure 5.40 Comparison of Insertion and Input Return Losses for Stub 2. 

 

5.3.3 Comparison of 45º Phase Shifter Bit 

Figure 5.41 shows the comparison of differential phase shifts between the simulation 

and fabricated results. The insertion loss and input return losses are compared for 

both states in Figure 5.42 and Figure 5.43. 
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Figure 5.41 Comparison of 45º Phase Shifter Bit. 
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Figure 5.42 Comparison of Insertion and Input Return Losses for Stub 1. 
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Figure 5.43 Comparison of Insertion and Input Return Losses for Stub 2. 
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5.3.4 Comparison of 90º Phase Shifter Bit 

Figure 5.44 that the comparison of differential phase shifts between the simulation 

and fabricated results. The insertion loss and input return losses are compared for 

both states in Figure 5.45 and Figure 5.46. 
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Figure 5.44 Comparison of 90º Phase Shifter Bit. 
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Figure 5.45 Comparison of Insertion and Input Return Losses for Stub 1. 
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Figure 5.46 Comparison of Insertion and Input Return Losses for Stub 2. 



 94 

 

 

 

 

CHAPTER 6 
 

 

PHASE SHIFTER DESIGNS ON ALUMINA SUBSTRATE 
 

 

 

Four wideband phase shifter bits are designed, simulated and fabricated onto 

TMM10i substrate in previous chapter. Using the same phase shifter circuit topology 

that includes unfolded Lange coupler, PIN diodes and radial stubs, 11.25, 22.5, 45, 

and 90º phase shifter circuits are designed and fabricated onto 15-mil thick Alumina 

substrate. In this chapter, the design, fabrication, and measurements of the wideband 

phase shifter bits for 11.25, 22.5, 45 and 90º are explained in detail. The phase shifter 

bits are fabricated onto Alumina substrate using thin film production technology in 

American Technical Ceramics. 

 

In the beginning of the work unfolded Lange coupler is designed in ADS and EM 

simulation is performed using Sonnet Software. Afterwards, using the S-parameter 

file of PIN diodes between the coupler ports and radial stubs, stub sizes are 

determined according to the desired phase shift value in ADS. Then, the EM 

simulation of the whole circuit that includes unfolded Lange coupler and radial stubs 

is performed. Finally, the S-parameter files of PIN diodes are embedded into this 

circuit in ADS. The phase shifter circuits are tried to be designed with minimum 

phase shift errors in 6-18 GHz frequency band with minimum return losses. 

Assembling and measurement processes of fabricated phase shifters are performed in 

clean room facilities of ASELSAN Inc. Since the biasing circuits of the PIN diodes 

are not included in the simulations, there occurred some amount of phase offsets and 

tuning is performed on radial stubs sizes in order to compensate these effects. For the 

6-18 GHz frequency band, maximum phase errors of the fabricated phase shifters are 

±1.6, 2.8, 5.6, and 10.6º for the 11.25, 22.5,45, and 90º phase shifters, respectively. 

The maximum insertion losses are 3.5, 3.4, 3.9, and 4 dB at 15.5 GHz for the 11.25, 

22.5,45, and 90º phase shifters, respectively. Also, the simulation and experimental 

results are compared in this chapter. 
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Also, the phase shifter bits are designed with spiral inductors that are connected 

behind the radial stubs. Inductors are used to bias the PIN diodes and DC signal 

flows to ground over these inductors where the RF signal reflects back. 11.25, 22.5, 

45, and 90º phase shifters are redesigned by changing the stub sizes in order to 

compensate the loading of spiral inductor of radial stub. Four phase shifters are 

fabricated onto 15-mil thick Alumina as previous ones in American Technical 

Ceramics and measurement results of them are given in this chapter. Since, the 

inductance value of spiral inductor can be achieved maximum 4-5nH up to 18 GHz 

without any resonances, the bandwidth of the phase shifters starts from 7 GHz. The 

measurement results show that for 7-18 GHz frequency band, maximum phase errors 

of the fabricated phase shifters are ±1.5, 2.5, 4, and 10.3º for the 11.25, 22.5,45, and 

90º phase shifters, respectively. The maximum insertion losses are 2, 2.2, 3.5, and 

3.1 dB at 18 GHz for the 11.25, 22.5,45, and 90º phase shifters, respectively. 

 

6.1 The Dielectric Substrate and Metallization 

Aluminum oxide, commonly referred to as alumina, is used as the dielectric material 

for the realization of unfolded Lange coupler and phase shifter circuits that are 

explained in this chapter. 

 

Alumina is one of the most cost effective and widely used materials in microwave 

and RF frequencies. The purity of the substrate ranges from 94% to 99.5% for 

different applications. Good dielectric properties at high frequencies, hard and wear 

resistant, high strength, and good thermal conductivity are some properties of 

alumina material. In this study, polished 99.5% pure alumina is selected where the 

dielectric constant r  is 9.8. The tangent loss of this type of alumina is 0.0002. So, it 

is not as lossy as Rogers TMM10i substrate told in previous chapter. Thin film 

production technique is required in order to fabricate the circuits that are scope of 

this thesis. 

 

The thickness of the substrate is chosen as 15 mils. Of course, the substrate thickness 

should be low for high frequency applications since the substrate loss is increased. 
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However, when the thickness of the substrate is decreased the spacing between the 

lines of the Lange coupler will decrease, too. The thin film production used in this 

study allows minimum 0.5 mil line and space width with 0.1 mil tolerances. If the 

thickness of the substrate was selected lower than 15 mils the spacing between the 

conductors of Lange coupler would take critical values to fabricate. 

 

The metallization of the substrate is formed by using 300 Å thick TiW over alumina 

and 150 micro inches Au over TiW. 

6.2 Unfolded Lange Coupler 

As explained previously, the Lange coupler is the most important component of the 

circuit. The details of design, EM simulation, fabrication and measurement results of 

the Lange coupler are given in this part. 

6.2.1 Linear Design and EM Simulation 

Microstrip unfolded Lange coupler is designed to operate for 6-18 GHz frequency 

band where 12 GHz is the center frequency. ADS program is used for linear 

simulation of the coupler. Width and length of the coupled lines and spacing between 

them are obtained as 0.9, 98 and 0.7 mils, respectively. With these parameters, when 

the signal is applied from the input port of the Lange coupler designed on 15-mils 

thick alumina substrate the frequency response is obtained as shown in Figure 6.1. 

The differences between the direct and coupled port values at 6, 12 and 18 GHz are 

tried to be at same levels. The input return loss is lower than -20 dB while the 

isolation is lower than -17 dB at 18 GHz.  
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Figure 6.1 Linear Simulation Result of Unfolded Lange Coupler. 

 

 

In the next step, the EM simulations are performed using Sonnet software. The 

circuit that is simulated in this program is shown in Figure 6.2. The Lange coupler is 

designed to measure by using probe station shown in Figure 6.5. Hence, some 

modifications on 50 Ohm transmission lines are made such as extending their length 

and bending them. The width of the 50 Ohm transmission lines is 14.4 mils. Also, 

CPW transmission lines are designed at the end of each microstrip transmission lines 

in order to measure the coupler directly using probes. The plated half vias with radius 

5 mils are used between the top metal layer and bottom metal layer to provide 

grounding for CPW lines. The width of the CPW transmission line is 10.8 mils 

where the spacing between the lines is 7 mils. 

 

The width, spacing, and length of the coupled lines of unfolded Lange coupler are 1, 

0.6 and 102 mils, respectively. The air bridges are designed to connect the relevant 

coupled lines each other. The bridge height is 0.4 mils. The close view of the air 

bridge is also shown in Figure 6.2.  

 

The EM simulation result of the coupler is shown in Figure 6.3.  
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Figure 6.2 Layout of Unfolded Lange Coupler and Close View of Air Bridge. 
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Figure 6.3 EM Simulation Result of the Unfolded Lange Coupler. 
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When the above response is compared with linear simulation result, it can be seen 

that there is a slope on S21 and S31 which are the direct port transmission coefficient 

and coupled port transmission coefficient, respectively. Because, as the frequency is 

increased, the dielectric and conductor losses are also increased. Input return loss is 

below -19 dB while the isolation is lower than -14 dB at 18 GHz. The unfolded 

Lange coupler shown in Figure 6.2 is manufactured. The fabrication details are given 

in next section. 

6.2.2 Fabrication and Measurement 

The unfolded Lange coupler shown in Figure 6.2 is fabricated using thin film 

technology in American Technical Ceramics. The photograph of fabricated coupler 

that is attached to the gold plated carrier using conductive epoxy is given in Figure 

6.4. Since the air bridges are used in the production, gold wires are not used for 

connection of relevant coupled lines. The close view of air bridge is also shown in 

Figure 6.4. The coupler on the carrier is ready for the measurement, because the 

probes of probing station will directly go down to the CPW transmission lines that 

are designed for this purpose.  
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Figure 6.4 Fabricated Unfolded Lange Coupler and Close View of Air Bridge. 

 

 

The measurement of unfolded Lange coupler is performed by using Cascade 

Microtech Microwave Probing Station and Agilent N5242A PNA-X 4 Port Network 

Analyzer operating between 10 MHz and 26.5 GHz. The measurement setup and 

probes that are approached to the coupler test points are illustrated in Figure 6.5 and 

Figure 6.6, respectively. The calibration of the four port network analyzer is done 

from the end points of the probes and Picoprobe calibration substrate CS-9 is used 

for the calibration process. Calibration is the most important part of measurements, 

since all results are dependent on the calibration done.  
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Figure 6.5 Measurement Setup of Lange Coupler. 

 

 

The measurement results are shown in Figure 6.7. When the measurement result is 

compared with linear and EM simulation results, it is obvious that the coupling is 

increased. The reason of this increment comes from the production tolerance, 

because the spacing between the coupled lines decreased to almost 0.4 mils where it 

should have been 0.6 mils. The input return loss is lower than -17.5 dB up to 18 GHz 

where the isolation of the coupler is lower than -16.5 dB up to 18 GHz. 

 

 

 
 

Figure 6.6 Close View of Lange Coupler Measurement. 
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Figure 6.7 Measurement Result of Lange Coupler. 

 

 

6.3 Design of Phase Shifter Bits 

In the design of phase shifter bits, the circuit shown in Figure 3.17 is used as in the 

case of previous chapter. Since all designs including Lange coupler are fabricated 

simultaneously at abroad, the measured data file of Lange coupler could not be used 

in the designs of phase shifter circuits. Despite of it, the EM simulation of Lange 

coupler is used in the whole simulation with the S-parameter files of PIN diodes that 

are given in Appendix A. Using these files the radial stub sizes are determined 

according to the desired differential phase shift value The details of phase shifter 

designs for 11.25, 22.5, 45, and 90º are explained in this part.  

 

6.3.1 11.25º Phase Shifter Bit 

Figure 6.8 shows the circuit designed in ADS for 11.25º phase shifter bit where the 

Stub-1 is selected as the reflective load of the direct and coupled ports of unfolded 

Lange coupler. As explained previously, the EM simulation result of coupler and S-

parameter data files are used in the circuit.  
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Figure 6.8 The Circuit Designed in ADS for 11.25º Phase Shifter Bit. 

 

 

As explained previously, the EM simulation result of unfolded Lange coupler shown 

in Figure 6.3 and the S-parameter data file of the PIN diode for both forward biased 

(diode is On) and reverse biased (diode is Off) are used in ADS simulations. The 

biasing circuits are not included in the above circuit. 

 

Similarly, the other circuit is designed where Stub-2 are selected as the reflective 

loads. In order to get the desired differential phase shift the insertion phases of each 

circuit are subtracted from each other as explained previously. So Stub-1 and Stub-2 

sizes are determined for the desired differential phase shift. The input and output 

return losses of the circuit for both state are tried to be minimized while designing 

the stubs. Tuning and optimization properties of ADS are used in the design stages.  

 

After obtaining the stub sizes for 11.25º differential phase shift value with minimum 

input and output return losses for both states, EM simulation of the whole circuit is 

performed by using Sonnet software. Unfolded Lange coupler and radial stubs are 

included in this simulation. The Sonnet layout of this circuit is given in Figure 6.9. 
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As in the design of Lange coupler, CPW transmission lines are used in the phase 

shifter circuit to go down probes into the circuit directly. So any extra component 

will not be placed into the input and output of the circuit such as test points and 

ribbon connections that affect the performance of the circuit. Circular vias between 

the top and bottom metal layer are used in order to provide ground planes for CPW 

lines. Internal ports also known auto-grounded ports are used at the end of direct and 

coupled ports of Lange coupler and inputs of the radial stubs. These ports are used to 

place the S-parameter file of the PIN diodes between Lange coupler ports and radial 

stubs. Hence, 8-port S-parameter data file is obtained at the end of EM simulation.  

 

 

 
 

Figure 6.9 The Layout of 11.25º Phase shifter Bit. 

 

 

Using ADS program the circuit shown in Figure 6.10 is formed. The circuit includes 

8-port S-parameter file that contains the EM simulation result of Figure 6.9 and four 
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2-port S-parameter files that contain PIN diode On and Off data. According to 

simulation results of ADS the radial stubs, Stub-1 and Stub-2 are tuned in EM 

simulation. After some amount of iterations, the stub sizes are obtained as given in 

Table 6.1.  

 

 

 
 

Figure 6.10 ADS Circuit Including PIN Diode Data Files. 

 

 

Table 6.1 Radial Stub Parameters for 11.25º Phase Shifter Bit 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 9.5 5 

L (mils) 25 25.6 

A (º) 100 81 
 

 

The differential phase shift is obtained by changing the state of the diodes shown in 

Figure 6.9. Hence, the other radial stub pair is selected. The differential phase shift is 

given in Figure 6.11. The insertion loss, input and output return losses for both states 

of 11.25º phase shifter bit are shown in Figure 6.12 and Figure 6.13, respectively. 

 

 



 106 

 

 

7 9 11 13 15 175 19

-13.75

-12.50

-11.25

-10.00

-8.75

-15.00

-7.50

freq, GHz

D
e

g
re

e
(º

)

6.000G
-10.54 

m1

Readout

m2

Phase_Shift

m1
freq=
Phase_Shift=-10.536

6.000GHz
m2
freq=
Phase_Shift=-11.721

18.00GHz

 
 

Figure 6.11 Differential Phase Shift for 11.25º Bit. 
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Figure 6.12 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 6.13 Insertion and Return Losses when Stub 2 is Selected. 
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As can be seen from the graphs above, 11.25º phase shift is satisfied for the 

frequency range 6-18 GHz with almost ±1.25º phase error. Also the input and output 

return losses for both states are lower than -15 dB for 6-18 GHz frequency range. 

Insertion losses for both states are higher than -1 dB approximately. 

6.3.2 22.5º Phase Shifter Bit 

The same design steps are followed for 22.5º phase shifter bit as in the case of 11.25º 

bit. Using the similar circuits shown in Figure 6.8, Figure 6.9, and Figure 6.10, the 

radial stub sizes are obtained as given in Table 6.2.  

 

Table 6.2 Radial Stub Parameters for 22.5º Phase Shifter Bit 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 13 4 

L (mils) 24 23.5 

A (º) 125 100 
 

 

The differential phase shift is obtained by changing the state of the diodes shown in 

Figure 6.9. Hence, the other radial stub pair is selected. The differential phase shift is 

given in Figure 6.14. The insertion loss, input and output return losses for both states 

of 22.5º phase shifter bit are shown in Figure 6.15 and Figure 6.16, respectively. 
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Figure 6.14 Differential Phase Shift for 22.5º Bit. 
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Figure 6.15 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 6.16 Insertion and Return Losses when Stub 2 is Selected. 

 

 

As can be seen from the graphs above, 22.5º phase shift is satisfied for the frequency 

range 6-18 GHz with almost ±2º phase error. Also the input and output return losses 

for both states are lower than -14 dB for 6-18 GHz frequency range. Insertion losses 

for both states are higher than -1 dB approximately. 

6.3.3 45º Phase Shifter Bit 

The same design steps are followed for 45º phase shifter bit as in the case of 11.25º 

bit. Using the similar circuits shown in Figure 6.8, Figure 6.9, and Figure 6.10, the 

radial stub sizes are obtained as given in Table 6.3.  
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Table 6.3 Radial Stub Parameters for 45º Phase Shifter Bit 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 12 4 

L (mils) 32 28 

A (º) 125 60 
 

 

The differential phase shift is obtained by changing the state of the diodes shown in 

Figure 6.9. Hence, the other radial stub pair is selected. The differential phase shift 

for 45º phase shifter is given in Figure 6.17. The insertion loss, input and output 

return losses for both states of 45º phase shifter bit are shown in Figure 6.18 and 

Figure 6.19, respectively. 
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Figure 6.17 Differential Phase Shift for 45º Bit. 
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Figure 6.18 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 6.19 Insertion and Return Losses when Stub 2 is Selected. 

 

 

As can be seen from the graphs above, 45º phase shift is satisfied for the frequency 

range 6-18 GHz with almost ±5º phase error. For 6-18 GHz frequency range, the 

input and output return losses are lower than -12 dB when Stub-1 is selected. Also 

they are lower than -16 dB when Stub-2 is selected. Maximum insertion losses for 

both states are higher than -1.3 dB approximately. 

6.3.4 90º Phase Shifter Bit 

The same design steps are followed for 90º phase shifter bit as in the case of 11.25º 

bit. Using the similar circuits shown in Figure 6.8, Figure 6.9, and Figure 6.10, the 

radial stub sizes are obtained as given in Table 6.4.  

 

Table 6.4 Radial Stub Parameters for 90º Phase Shifter Bit 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 16 4 

L (mils) 39 18 

A (º) 130 60 
 

 

The differential phase shift is obtained by changing the state of the diodes shown in 

Figure 6.9. Hence, the other radial stub pair is selected. The differential phase shift 

for 90º phase shifter is given in Figure 6.20. The insertion loss, input and output 
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return losses for both states of 90º phase shifter bit are shown in Figure 6.21 and 

Figure 6.22, respectively. 
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Figure 6.20 Differential Phase Shift for 90º Bit. 
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Figure 6.21 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 6.22 Insertion and Return Losses when Stub 2 is Selected. 
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As can be seen from the graphs above, 90º phase shift is satisfied for the frequency 

range 6-18 GHz with almost ±10º phase error. For 6-18 GHz frequency range, the 

input and output return losses are lower than -11 dB when Stub-1 is selected. Also 

they are lower than -18 dB when Stub-2 is selected. Maximum insertion losses for 

both states are higher than -2 dB approximately. 

6.4 Fabrication and Measurement of Phase Shifter Bits 

After designing the phase shifter bits for 11.25, 22.5, 45, and 90º differential phase 

shifting, the layouts of them are formed taking into account the design guidelines of 

ATC Thin Film division. The layout of the 11.25º is shown in Figure 6.23. 

 

 
 

Figure 6.23 The Final Sonnet Layout of 11.25º Phase Shifter Bit. 

 

 

CPW lines are used at the input and output of the phase shifter as explained 

previously. Plated vias are used in order to provide grounding. The vias at the edges 
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of the circuit are half vias and they are also plated with metal. There are also ground 

planes behind the radial stubs to provide grounding to the inductor that will be 

mounted for DC biasing of the PIN diode. The DC signal will be applied from the 

direct and coupled ports of the Lange coupler and the current will flow over the 

inductors to the ground while it will show high impedances to RF signals. The 

similar layouts are also formed for 22.5, 45, and 90º phase shifter bits. Fabrication, 

assembling and measurement results of each phase shifter is given in the next parts  

6.4.1 11.25º Phase Shifter Bit 

The layout given in Figure 6.23 is fabricated by ATC Thin Film Division. The 

dielectric substrate is 15-mil thick 99.5% alumina as explained previously. The top 

metal layer is 0.15 mil thick gold over 300 Å thick TiW. Unfolded Lange coupler 

sizes are same with the sizes given in EM simulation part. (Width=1 mil, Spacing= 

0.6 mil, Length=102 and Air Bridge Height= 0.4 mil). The radial stub sizes are given 

in Table 6.1. The diameter of circular vias is 10 mils. The bottom side of the board is 

completely conductive and is plated with gold. 

 

After the thin film processing, the circuit is mounted onto a gold plated carrier with 

conductive epoxy. The PIN diodes are mounted between the radial stubs and direct 

and coupled ports of unfolded Lange coupler. PIN diodes are attached to the circuit 

by using conductive epoxy. Since DC signal is applied from the direct and coupled 

ports of Lange coupler in common, PIN diodes are placed in reverse directions in 

order to select one of the radial stubs at the end of each port. Broadband conical 

inductor is placed between the radial stub and the ground planes that are shown in 

Figure 6.23. The inductance value of the inductor is 709nH and it is assembled to 

circuit using Kulicke Soffa AG 4124 Ball Bonder Machine shown in Figure 4.6. The 

close view of mounted PIN diodes and inductors are given in Figure 6.24 
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Figure 6.24 Close View of Mounted PIN Diodes and Conical Inductors. 

 

 

To apply the DC signal from the power supply, a jumper that is placed into gold 

plated carrier is used. A 50 ohm series resistor is placed between the jumper and a 

10nF capacitor to limit the DC current 10nF parallel capacitor is used to filter any 

possible RF signal in biasing. The jumpers, resistors and capacitors that are shown in 

Figure 6.25 are mounted onto gold plated carrier using conductive epoxy and they 

connected to each other with 1-mil diameter gold wire. Also 1-mil diameter gold 

wire is connected between the 10nF capacitor and direct and coupled port of Lange 

coupler. The length of the gold wire is approximately 280 mils length and provides 

almost 7nH that is required for filtering the RF signal. 

 

All assembling processes that are explained above are performed in clean room 

facilities of ASELSAN Inc. Figure 6.25 shows fabricated 11.25º phase shifter bit.  
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Figure 6.25 Fabricated 11.25º Phase Shifter Bit. 

 

 

The measurement of 11.25º bit is performed by using Cascade Microtech Microwave 

Probing Station, Agilent E8346B PNA Network Analyzer operating between 10 

MHz and 50 GHz, and Agilent E3631A Triple Output DC Power Supply. The DC 

blocking capacitors operating for DC-26.5 GHz are connected between the 

measurement cables and RF probes. The measurement setup is shown in Figure 6.26. 

The calibration of the network analyzer is done from the end points of the probes. 

Picoprobe calibration substrate CS-9 is used for the calibration process. The DC 

probes are used to apply the DC signal from power supply to the jumper. All 

measurements are performed in clean room facilities of ASELSAN Inc. 
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Figure 6.26 Measurement Setup. 

 

 

When +1.5 V is applied from the power supply to the jumpers the PIN diodes that are 

connected to Stub 1 are forward biased. When -1.5 V is applied, the PIN diodes that 

are connected to Stub 2 are forward biased. Hence, the Stub-1 and Stub-2 are 

selected by applying +1.5 V or -1.5 V. The differential phase shift occurs between 

these two states. 

 

In the design steps of the phase shifter, the biasing effects are not included to the 

ADS simulations. Also, the PIN diode S-parameter file that is provided by the 

producer is used instead of any measured data. Moreover, the fabrication and 

assembling processes have some errors on performance of phase shifter circuit. 

Because of these reasons, the tuning is performed on the sizes of radial stubs. Gold 

discs are used for tuning purposes. The diameter and the height of the gold discs are 

16 and 10 mils, respectively.  

 

The close view of fabricated and tuned 11.25º phase sifter is shown in Figure 6.27. 

The differential phase shift is obtained as shown in Figure 6.28. The insertion loss 

and input and output return losses for both states (when Stub-1 or Stub-2 is selected) 

are given in Figure 6.29 and Figure 6.30. 
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Figure 6.27 Tuned 11.25º Phase Shifter Bit. 

 

 

7 9 11 13 15 175 19

-13.75

-12.50

-11.25

-10.00

-8.75

-15.00

-7.50

freq, GHz

D
e

g
re

e
(º

)

15.00G
-9.727 

m2

Readout

m3

Readout

m1

m2
freq=
Phase_Shift=-9.727

15.00GHz
m3
freq=
Phase_Shift=-11.652

18.00GHz

Phase_Shift

m1
freq=
Phase_Shift=-10.678

6.000GHz

 
 

Figure 6.28 Differential Phase Shift for 11.25º Bit. 
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Figure 6.29 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 6.30 Insertion and Return Losses when Stub 2 is Selected. 

 

 

As can be seen from the above graphs, 11.25º phase shift is satisfied for the 

frequency range 6-18 GHz with almost ±1.5º phase error. For 6-18 GHz frequency 

range, the input and output return losses are lower than -11 dB when Stub-1 is 

selected. Also they are lower than -10 dB when Stub-2 is selected. Maximum 

insertion losses for both states are higher than -3.8 dB approximately. 

6.4.2 22.5º Phase Shifter Bit 

The fabrication and assembling processes of 22.5º phase shifter are performed in the 

same way of 11.25º phase shifter bit. Same unfolded Lange coupler is used in the 

design. The only difference between them, of course, is the radial stub sizes which 

affect the differential phase shift. The radial stub sizes are given in Table 6.2.  
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The close view of fabricated and tuned 22.5º phase shifter bit is given in Figure 6.31. 

Figure 6.32 shows the differential phase shift of the circuit. The insertion loss and 

input and output return losses for both states (when Stub-1 or Stub-2 is selected) are 

given in Figure 6.33 and Figure 6.34. 

 

 

 
 

Figure 6.31 Tuned 22.5º Phase Shifter Bit. 
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Figure 6.32 Differential Phase Shift for 22.5º Bit. 
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Figure 6.33 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 6.34 Insertion and Return Losses when Stub 2 is Selected. 

 

 

Figure 6.31 shows that the 22.5º differential phase shift is satisfied for 6-18 GHz 

frequency band with ±2.9º phase error approximately. When the Stub-1 is selected 

the maximum insertion loss is almost -3.0 dB at 18 GHz, where the input and output 

return losses are lower than -11 dB for 6-18 GHz band. When the Stub-2 is selected 

the maximum insertion loss is almost -3.2 dB at 15 GHz, where the input and output 

return losses are lower than -10.5 dB for 6-18 GHz frequency band. 

6.4.3 45º Phase Shifter Bit 

The fabrication and assembling processes of 45º phase shifter are performed in the 

same way of 11.25º phase shifter bit. Same unfolded Lange coupler is used in the 

design. The only difference between them is the radial stub sizes which affect the 

differential phase shift. The radial stub sizes for 45º phase shifter are given in Table 
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6.3. The close view of fabricated and tuned 45º phase shifter bit is given in Figure 

6.35. Figure 6.36 shows the differential phase shift of the circuit. The insertion loss 

and input and output return losses for both states (when Stub-1 or Stub-2 is selected) 

are given in Figure 6.37 and Figure 6.38. 

 

 

 
 

Figure 6.35 Tuned 45º Phase Shifter Bit. 
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Figure 6.36 Differential Phase Shift for 45º Bit. 
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Figure 6.37 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 6.38 Insertion and Return Losses when Stub 2 is Selected. 

 

 

Figure 6.36 shows that the 45º differential phase shift is satisfied for 6-18 GHz 

frequency band with ±5.5º phase error approximately. When the Stub-1 is selected 

the maximum insertion loss is lower than -4.0 dB at 18 GHz, where the input and 

output return losses are lower than -10 dB for 6-18 GHz band. When the Stub-2 is 

selected the maximum insertion loss is almost -3.9 dB at 15 GHz, where the input 

and output return losses are lower than -10 dB for 6-18 GHz frequency band. 

6.4.4 90º Phase Shifter Bit 

The fabrication and assembling processes of 90º phase shifter are performed in the 

same way of 11.25º phase shifter bit. Same unfolded Lange coupler is used in the 

design. The only difference between them is the radial stub sizes which affect the 

differential phase shift. The radial stub sizes are given in Table 6.4. The close view 



 123 

 

 

of fabricated and tuned 90º phase shifter bit is given in Figure 6.39. Figure 6.40 

shows the differential phase shift of the circuit. The insertion loss and input and 

output return losses for both states (when Stub-1 or Stub-2 is selected) are given in 

Figure 6.41 and Figure 6.42. 

 

 
 

Figure 6.39 Tuned 90º Phase Shifter Bit. 
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Figure 6.40 Differential Phase Shift for 90º Bit. 
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Figure 6.41 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 6.42 Insertion and Return Losses when Stub 2 is Selected. 

 

 

Figure 6.40 shows that the 90º differential phase shift is satisfied for 6-18 GHz 

frequency band with ±10.5º phase error approximately. When the Stub-1 is selected 

the maximum insertion loss is lower than -3.9 dB at 18 GHz, where the input and 

output return losses are lower than -11 dB for 6-18 GHz band. When the Stub-2 is 

selected the maximum insertion loss is almost -4 dB at 15 GHz, where the input and 

output return losses are lower than -12 dB for 6-18 GHz frequency band. 

6.5 Comparison of Simulation and Fabricated Results 

The simulation results of phase shifter bits that are designed on alumina substrate are 

compared with the fabricated results in this part. 
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6.5.1 Comparison of 11.25º Phase Shifter Bit 

Figure 6.43 shows the comparison of differential phase shifts between the simulation 

and fabricated results. The insertion loss and input return losses are also compared 

for both states in Figure 6.44 and Figure6.45. 
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Figure 6.43 Comparison of Differential Phase Shift for 11.25º Bit. 
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Figure 6.44 Comparison of Insertion and Input Return Losses for Stub 1. 
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Figure 6.45 Comparison of Insertion and Input Return Losses for Stub 2. 

 

6.5.2 Comparison of 22.5º Phase Shifter Bit 

Figure 6.46 shows the comparison of differential phase shifts between the simulation 

and fabricated results for 22.5º phase shifter. The insertion loss and input return 

losses are also compared for both states in Figure 6.47 and Figure6.48. 
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Figure 6.46 Comparison of Differential Phase Shift for 22.5º Bit. 
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Figure 6.47 Comparison of Insertion and Input Return Losses for Stub 1. 
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Figure 6.48 Comparison of Insertion and Input Return Losses for Stub 2. 

 

6.5.3 Comparison of 45º Phase Shifter Bit 

Figure 6.49 shows the comparison of differential phase shifts between the simulation 

and fabricated results for 45º phase shifter. The insertion loss and input return losses 

are also compared for both states in Figure 6.50 and Figure6.51. 
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Figure 6.49 Comparison of Differential Phase Shift for 45º Bit. 

 

 

7 9 11 13 15 175 19

-30

-20

-10

-40

0

freq, GHz

d
B

IL_Fabricated

IL_Simulated

IRL_Fabricated

IRL_Simulated

 
 

Figure 6.50 Comparison of Insertion and Input Return Losses for Stub 1. 
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Figure 6.51 Comparison of Insertion and Input Return Losses for Stub 2. 
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6.5.4 Comparison of 90º Phase Shifter Bit 

Figure 6.52 that the comparison of differential phase shifts between the simulation 

and fabricated results for 90º phase shifter. The insertion loss and input return losses 

are also compared for both states in Figure 6.53and Figure6.54. 
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Figure 6.52 Comparison of Differential Phase Shift for 90º Bit. 
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Figure 6.53 Comparison of Insertion and Input Return Losses for Stub 1. 

 

 



 130 

 

 

7 9 11 13 15 175 19

-30

-20

-10

-40

0

freq, GHz

d
B

IL_Fabricated

IL_Simulated

IRL_Fabricated

IRL_Simulated

 
 

Figure 6.54 Comparison of Insertion and Input Return Losses for Stub 2. 
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CHAPTER 7 
 

 

PHASE SHIFTER DESIGNS ON ALUMINA SUBSTRATE 

WITH SPIRAL INDUCTORS 
 

 

 

Four wideband phase shifter bits are designed, simulated and fabricated onto 

TMM10i and alumina substrate in previous chapters. The inductors that are 

connected between the radial stub and ground plane in order to provide DC path for 

PIN diode biasing are realized using 1-mil gold wire and broadband conical 

inductors. However, these inductors have some parasitic effects on the RF signal. 

Hence, microstrip spiral inductors are designed in order to reduce these effects. 

Designing spiral inductors on the same substrate with unfolded Lange coupler and 

radial stubs makes the phase shifter circuits more compact. Since the spiral inductors 

are fabricated using thin film production, the assembling processes are reduced. 

However, the only handicap for spiral inductors that are designed in this study is the 

inductance value. The inductance values of 1-mil gold wire and conical inductors 

that are used in previous designs are 7nH and 709nH, respectively. On the other 

hand, the inductance of spiral inductors designed in this study is approximately 

3.8nH without any resonances. 

 

The design of microstrip spiral inductor and phase shifter circuits designed with 

spiral inductors are explained in this chapter. The fabricated phase shifter results are 

also given. 

 

7.1 Microstrip Spiral Inductor Design and Simulation 

Rectangular or spiral inductors are widely used as matching elements, impedance 

transformers, and reactive terminations in RF and microwave frequencies. The 

rectangular spiral inductors are designed and included into phase shifter circuits and 

they are used as RF chokes. A typical rectangular spiral inductor is illustrated in 
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Figure 7.1. The spiral inductor design parameters are width of the lines (W), spacing 

between the lines, vertical and horizontal lengths (L1, L2) and the number of turns 

(N). In the below inductor, the number of turns is 4.25.  

 

 

 
 

Figure 7.1 Layout of Spiral Inductor. 

 

 

The input line of the inductor is connected to the inner side of the inductor via air 

bridge that is illustrated in Figure 7.2.  

 

 

 
 

Figure 7.2 Layout of Spiral Inductor. 
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The circuit model of rectangular spiral inductor [30] is shown in Figure 7.3.  

 

 

 
 

Figure 7.3 Circuit Model of Spiral Inductor. 

 

 

The size information of the spiral inductor that is designed for phase shifter circuit is 

given in Table 7.1. Width, spacing and length sizes are given in mils. 

 

Table 7.1 Size Information of Spiral Inductor 

 

Design Parameters: Value 

W 0.5 

S 0.5 

L1 10 

L2 11 

N 4.25 
 

 

The EM simulation of the rectangular spiral inductor with given sizes is performed 

using Sonnet software. Figure 7.4 shows the S-parameter comparison between the 

EM and circuit model (CM) simulation in ADS with the given circuit model 

parameters in Table 7.2. 
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Figure 7.4 Comparison of EM and Circuit Model Simulations. 

 

 

Table 7.2 Circuit Model Parameters of Spiral Inductor 

 

Circuit Model 

Parameters: 

Value 

Cp (fF) 11 

Ls (nH) 3.7 

Rs (Ohm) 2 

Csh (fF) 0.001 
 

 

 

Hence, above results show that the inductance value of the spiral inductor with the 

given values in Table 7.1 is almost 3.7 nH. The inductance value can be increased by 

decreasing the spacing between the lines, however the spacing smaller than 0.5 mils 

can not be fabricated by the producer. Increasing the length of lines or number of 

turns will also increase the inductance value, but the resonance occurs less than 18 

GHz which is the operating frequency. Hence, the spiral inductor designed above is 

used in the phase shifter circuits that are given in the next part. 

7.2 Design of Phase Shifter Bits 

After designing the microstrip spiral inductors, the phase shifter bits for 11.25, 22.5, 

45, and 90º are designed. The design steps are same with the phase shifter bits 

designed in previous chapter. Same unfolded Lange coupler is used in the designs. 

Hence, the phase shifter circuits that are explained in part 6.3 are used in the 

beginning of the design. However, when the spiral inductors are added to the circuit 
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the memory required for the EM simulation exceeds the maximum memory limit. 

Because of this reason, the whole circuit could not be simulated. Instead of whole 

circuit EM simulation, the radial stubs are designed and simulated with spiral 

inductors given in previous part. In part 6.3 the radial stub sizes for each phase 

shifter bit are given in Table 6.1, 6.2, 6.3 and 6.4. Spiral inductors are connected 

between the outer edge of the radial stub and ground shown in Figure 7.5. In this 

example Stub-1 (in Table 6.1) of 11.25º phase shifter circuit is used. 

 

 

 
 

Figure 7.5 Spiral Inductor Connected Between Stub-1 and Ground. 

 

 

When the EM simulation result of above structure is compared with the radial stub 

structure without spiral inductor given in Figure 7.6, a difference comes to existence 

especially in return losses. In fact it is expected since the spiral inductor value is not 

too high and can not show high impedance values for low frequencies. This situation 

is accepted because higher inductance values could not be obtained without any 

resonances and the design is continued. 
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Figure 7.6 Stub-1 of 11.25º Phase Shifter Bit. 

 

 

Afterwards, Stub-2 of 11.25º phase shifter bit is simulated in the circuits that are 

given in Figure 7.5 and 7.6. So, there are four circuits that are Stub-1 with spiral 

inductor, Stub-1 without spiral inductor, Stub-2 with spiral inductor, and Stub-2 

without spiral inductor. Then, the phase responses of Stub-1 with spiral inductor and 

Stub-2 with spiral inductor are subtracted from each other, called phase difference 

with spiral inductor. Similarly, the phase responses of Stub-1 without spiral inductor 

and Stub-2 without spiral inductor are subtracted from each other, called phase 

difference without spiral inductor. In the design these differences are compared and 

tried to be get same results by tuning the radial stub sizes of with spiral inductors. 

After some amount of iterations, the new radial stub sizes given in Table 7.3 are 

obtained for 11.25º phase shifter bit where spiral inductors are added to the circuit.  

 

Table 7.3 Radial Stub Sizes for 11.25º Phase Shifter Bit with Spiral Inductor 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 8 7 

L (mils) 25.4 24.8 

A (º) 100 80 
 

 

The comparison of phase differences of with and without spiral inductors are given 

in Figure 7.7. 
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Figure 7.7 Stub-1 of 11.25º Phase Shifter Bit. 

 

 

Using this approach the close responses for phase shifter circuits are expected, since 

same unfolded Lange coupler is used. Also, the effect of spiral inductor addition to 

the circuits that are given in part 6.3 is compensated by changing the radial stub sizes 

given in Table 6.1, 6.2, 6.3, and 6.4 as explained above. The new radial stub sizes of 

11.25º phase shifter circuit are given in Table 7.3. Table 7.4, 7.5, and 7.6 give the 

new radial stub sizes for 22.5, 45, and 90º phase shifter circuits with spiral inductor 

version, respectively.  

 

Table 7.4 Radial Stub Sizes for 22.5º Phase Shifter Bit with Spiral Inductor 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 8 7 

L (mils) 25.7 22.4 

A (º) 125 100 
 

 

 
Table 7.5 Radial Stub Sizes for 45º Phase Shifter Bit with Spiral Inductor 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 8 7 

L (mils) 33.1 24.8 

A (º) 115 70 
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Table 7.6 Radial Stub Sizes for 90º Phase Shifter Bit with Spiral Inductor 

 

Stub Parameters: Stub-1 Stub-2 

W (mils) 8 5 

L (mils) 42 21 

A (º) 100 70 
 

 

 

The layout for 11.25º phase shifter bit with spiral inductors is formed as shown in 

Figure 7.8. 

 

 

 
 

Figure 7.8 The Layout of 11.25º Phase Shifter Bit with Spiral Inductors. 

 

 

To sum up, the same phase shifter circuits are designed as given in part 6.3. There 

are two differences between them. One of them is the addition of spiral inductors to 
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the circuit and the other is the modification of radial stub sizes because of the effect 

of spiral inductors. 

 

Similarly, the layouts for the other bits are formed and fabricated by American 

Technical Ceramics by using thin film production. After fabrication of the phase 

shifter bits with spiral inductors, the assembling processes are performed in clean 

room facilities of ASELSAN Inc. The assembling of the PIN diodes and the biasing 

circuit components are same as explained in part 6.4. There is only one difference 

that conical inductors are not used in here since they are realized as spiral inductors. 

Also the measurement setup is the same and the same biasing conditions are used 

while measuring the circuits. 

7.3 Fabricated Phase Shifter Bits 

The phase shifter bits with spiral inductors for 11.25, 22.5, 45, and 90º are fabricated 

and the measurement results are given in this part. As explained previously, the 

assembling and measurement processes are performed in the same way as told in part 

6.4. As an example, 11.25º phase shifter bit with spiral inductors and biasing 

components is given in Figure 7.9. 
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Figure 7.9 The Fabricated 11.25º Phase Shifter Bit with Spiral Inductors. 

 

7.3.1 11.25º Phase Shifter Bit 

The close view of fabricated 11.25º phase shifter bit with spiral inductors is given in 

Figure 7.10. The tuning is applied to the radial stubs with gold discs as in the case of 

phase shifter bits with conical inductors in part 6.4. 
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Figure 7.10 Close View of Fabricated 11.25º Phase Shifter with Spiral Inductors. 

 

 

The differential phase shift of the circuit is given in Figure 7.11. The insertion loss, 

input and output return losses when Stub-1 and Stub-2 is selected are given in Figure 

7.12 and 7.13, respectively. 
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Figure 7.11 Differential Phase Shift for 11.25º Bit. 
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Figure 7.12 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 7.13 Insertion and Return Losses when Stub 2 is Selected. 

 

 

When the above graphs are examined, the differential phase shift for 11.25º is 

satisfied for 7-18 GHz frequency band with maximum 1.4º phase error. This is an 

expected result, because the inductance value of the designed spiral inductors are low 

and this affects the performance of the phase shifter. When the Stub-1 is selected, the 

maximum insertion loss is -2.2 dB approximately at 18 GHz, where the input and 

output return losses are lower than-10 dB. When the Stub-2 is selected, the maximum 

insertion loss is -2 dB at 14 GHz. The input and output return losses are below -10 

dB. 
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7.3.2 22.5º Phase Shifter Bit 

The close view of fabricated 22.5º phase shifter bit with spiral inductors is given in 

Figure 7.14. The tuning is applied to the radial stubs by using gold discs with 16 mils 

diameter and 10 mils height. 

 

 

 
 

Figure 7.14 Close View of Fabricated 22.5º Phase Shifter with Spiral Inductors. 

 

 

The differential phase shift of the circuit is given in Figure 7.15. The insertion loss, 

input and output return losses when Stub-1 and Stub-2 is selected are given in Figure 

7.16 and 7.17, respectively. 
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Figure 7.15 Differential Phase Shift for 22.5º Bit. 
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Figure 7.16 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 7.17 Insertion and Return Losses when Stub 2 is Selected. 
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According to the above graphs, the differential phase shift for 22.5º is satisfied for 7-

18 GHz frequency band with maximum ±2.5º phase error. When the Stub-1 is 

selected, the maximum insertion loss is -2.2 dB approximately at 18 GHz, where the 

input and output return losses are lower than-10 dB. When the Stub-2 is selected, the 

maximum insertion loss is almost -1.9 dB at 14 GHz. The input and output return 

losses are below -10 dB. 

7.3.3 45º Phase Shifter Bit 

The close view of fabricated and tuned 45º phase shifter bit with spiral inductors is 

given in Figure 7.18.  

 

 

 
 

Figure 7.18 Close View of Fabricated 45º Phase Shifter with Spiral Inductors. 

 

 

The differential phase shift of 45º phase shifter bit is given in Figure 7.19. The 

insertion loss, input and output return losses when Stub-1 and Stub-2 is selected are 

given in Figure 7.20 and 7.21, respectively. 
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Figure 7.19 Differential Phase Shift for 45º Bit. 
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Figure 7.20 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 7.21 Insertion and Return Losses when Stub 2 is Selected. 
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When the graphs given above are examined, the differential phase shift for 45º is 

satisfied for 7-18 GHz frequency band with maximum ±4º phase error. When the 

Stub-1 is selected, the maximum insertion loss is -3.5 dB approximately at 18 GHz, 

where the input and output return losses are lower than-11 dB. When the Stub-2 is 

selected, the maximum insertion loss is almost -2 dB at 14 GHz. The input and 

output return losses are lower than -10 dB. 

7.3.4 90º Phase Shifter Bit 

The close view of fabricated and tuned 90º phase shifter bit with spiral inductors is 

given in Figure 7.22.  

 

 
 

Figure 7.22 Close View of Fabricated 90º Phase Shifter with Spiral Inductors. 

 

 

The differential phase shift of 90º phase shifter bit is given in Figure 7.23. The 

insertion loss, input and output return losses when Stub-1 and Stub-2 is selected are 

given in Figure 7.24 and 7.25, respectively. 
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Figure 7.23 Differential Phase Shift for 90º Bit. 
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Figure 7.24 Insertion and Return Losses when Stub 1 is Selected. 
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Figure 7.25 Insertion and Return Losses when Stub 2 is Selected. 

 

When the graphs given above are examined, the differential phase shift for 90º is 

satisfied for 7-18 GHz frequency band with ±10.2º phase error. When the Stub-1 is 



 149 

 

 

selected, the maximum insertion loss is -3.1 dB approximately at 18 GHz, where the 

input and output return losses are lower than-10 dB. When the Stub-2 is selected, the 

maximum insertion loss is almost -2.1 dB at 14 GHz. The input and output return 

losses are lower than -11 dB. 
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CHAPTER 8 
 

 

CONCLUSION 
 

 

 

Phase shifters operating in microwave frequencies are one of the most important 

components that are widely used in radar and telecommunication applications. Since 

the wideband operating frequency range is considerable in most of the systems, the 

circuit components that have broadband characteristics are preferred by the system 

designers. This situation is also valid for the microwave phase shifters that are key 

components of electronic warfare systems.  

 

In this thesis, wideband digital phase shifters operating in 6-18 GHz frequency band 

are considered. Phase shifter circuits that provide 11.25, 22.5, 45, and 90º differential 

phase shifting are designed, simulated and fabricated individually. In the design 

steps, the minimum phase errors and low return losses are taken into account. Hybrid 

coupled phase shifter topology is used in the scope of this study. The phase shifter 

circuits are designed onto two different dielectric substrates as Rogers TMM10i and 

Alumina. 

 

One of the most popular implementation of a wideband phase shifter is using a 3 dB, 

90º coupler where its direct and coupled ports are terminated with two identical 

capacitive loads. Unfolded Lange coupler is used as a hybrid coupler in the designs. 

Radial stubs are selected as reflective capacitive loads, since their reflection 

coefficient is much higher than conventional stubs. Beam lead PIN diodes with low 

insertion loss are selected as switching components that are required for selecting 

relevant radial stub pairs.  

 

For 6-18 GHz frequency band, 11.25, 22.5, 45, and 90º phase shifter circuits are 

designed on 25 mils thick Rogers TMM10i substrate. The design and fabrication 

details are given in Chapter 4 and Chapter 5. The whole fabrication processes are 
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performed in ASELSAN Inc using PCB manufacturing. Although, the aimed 

frequency band is 6-18 GHz, the phase shifter circuits are fabricated that operate in 

7-14 GHz frequency range. The main reason that narrows the bandwidth comes from 

the production errors on Lange coupler and the thickness of the substrate that 

increase the loss at high frequencies. In order to produce the coupler in laser 

machine, the spacing between the lines increased that decreases the coupling and 

bandwidth of the coupler. The fabricated Lange coupler is measured and the designs 

are performed according to this measurement. Also the circuit model of PIN diode 

for forward and reversed biasing is obtained. Finally, for 7-14 GHz frequency band, 

11.25, 22.5, 45, and 90º phase shifter circuits are fabricated and tuned. For the whole 

frequency band, the measured maximum phase errors were ±2.1, 3.2, 5.5, and 13º for 

the 11.25, 22.5, 45, and 90 phase shifters, respectively. The maximum insertion 

losses were 2.2, 2.1, 2.1, and 2.3 dB in whole frequency band for the 11.25, 22.5, 45, 

and 90 phase shifters, respectively. The fabricated results are consistent with the 

simulated ones. 

 

The design and fabrication details of phase shifters that are designed onto 15 mil 

thick Alumina substrate are given in Chapter 6. The phase shifter circuits are 

fabricated using thin film production technology by American Technical Ceramics. 

The same phase shifter topology and same beam lead PIN diodes are used as in 

TMM10i designs. The phase shifter circuits are designed to operate in 6-18 GHz 

frequency range. The broadband conical inductors are used for biasing the PIN 

diodes. All assembling processes are performed in ASELSAN Inc. To sum up, 11.25, 

22.5, 45, and 90º phase shifter circuits are fabricated and tuned for 6-18 GHz 

frequency band. For the whole frequency band, the measured maximum phase errors 

were ±1.5, 2.9, 5.5, and 10.5º for the 11.25, 22.5, 45, and 90 phase shifters, 

respectively. The maximum insertion losses were 3.8, 3.2, 4.0, and 4.0 dB in whole 

frequency band for the 11.25, 22.5, 45, and 90 phase shifters, respectively. The 

fabricated results agree with the simulation results. 

 

The phase shifter bits are also fabricated including spiral inductors for the biasing of 

PIN diodes to the circuits. The details of the design steps and fabrication of the phase 

shifters are given in Chapter 7. Phase shifter bits are fabricated onto 15 mils thick 
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alumina substrate as the phase shifter bits explained in Chapter 6. The microstrip 

spiral inductors are designed with inductance value 3.8 nH approximately. The radial 

stubs are tuned in order to compensate of effects coming from the addition of spiral 

inductors. With the new values of radial stubs that are designed in Chapter 6, the 

phase shifter circuits are fabricated using thin film production. The PIN diodes and 

the remaining biasing circuits are assembled in ASELSAN Inc. The operating 

frequency range is obtained as 7-18 GHz, since the inductance value of the spiral 

inductors are low. 11.25, 22.5, 45, and 90º phase shifters are tuned in order to 

compensate the uncalculated parasitic effects come from biasing circuits and 

measurement setup. In conclusion, for 7-18 GHz frequency band, the measured 

maximum phase errors were ±1.4, 2.5, 4.0, and 10.2º for the 11.25, 22.5, 45, and 90 

phase shifters, respectively. The maximum insertion losses were 2.2, 2.2, 3.5, and 3.1 

dB in whole frequency band for the 11.25, 22.5, 45, and 90 phase shifters, 

respectively. 
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