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ABSTRACT 

Radio Frequency waves are widely used for the purpose of radio communication. Active 

research in Radio Frequency technology has led to the use of RF waves in variety of application 

other than radio communication. Phase shifters are a major functional block in RF transmission 

circuits. In radio communication, phase shifters are used for electronic beam steering of 

the transmitted RF waves. Due to the increase in RF application area, there is a demand for phase 

shifters which have high performance with very less cost and also very less power consumption.  

This thesis work focuses on designing phase shifters for different ISM frequency bands. This 

thesis work has been divided into two sections. The first section focuses on building a discrete 

phase shifter circuit which has very high performance with less cost and less power 

consumption. This circuit can perform phase shifting function on RF waves with low power. 

This phase shifter circuit was built with four phase shifter sections and each of the section can be 

controlled individually by digital control bits. The phase shifter was designed to have a 

bandwidth of operation of 200MHz with a center frequency at 900MHz. Designed phase shifter 

achieved an minimum RMS phase error of 2.5
0
 with a insertion loss variation throughout the 

bandwidth within 1.038dB. 

The second section of the thesis focuses on research study and verification of wide band phase 

shifter circuits. The aim of the research study was to find a suitable integrated circuit to cover a 

wide range of ISM bands (300MHz to 3GHz). Totally 22 research papers were compared and 

analyzed, out of which one circuit was chosen for this purpose. This circuit was verified by 

building system level circuit and thus critical design parameters were determined. 
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SAMMANFATTNING 

Radio Frequency vågor används allmänt för att radiokommunikation. Aktiv forskning inom 

Radio Frequency teknik har lett till användningen av RF-vågor i olika andra tillämpningar än 

radiokommunikation. Fasskiftare är en viktig funktionsblock i RF transmissionskretsar. I 

radiokommunikation, är fasförändrare används för elektronisk strålstyrning av de överförda RF-

vågor. På grund av ökningen i RF användningsområde, finns ett behov av fasförändrare som har 

hög prestanda med mycket lägre kostnad och även mycket mindre strömförbrukning. 

Denna avhandling fokuserar på att designa fasförändrare för olika ISM-frekvensbanden. Denna 

examensarbete har delats in i två delar. Den första delen fokuserar på att bygga en diskret krets 

fasskiftare som har mycket hög prestanda med mindre kostnad och lägre strömförbrukning. 

Denna krets kan utföra fasskiftning funktion på RF-vågor med låg effekt. Denna fasskiftare krets 

byggdes med fyra sektioner fasskiftare och varje sektion kan styras individuellt genom digitala 

styrbitar. Fasskiftaren har utformats för att ha en bandbredd på drift av 200MHz med en 

mittfrekvens vid 900MHz. Designad fasvridare uppnådde en minimum RMS fasfel av 2,50 med 

en inkopplingsförlust variation i hela bandbredden inom 1.038dB. 

Den andra delen av avhandlingen fokuserar på forskning studier och verifiering av stora shifter 

band fas kretsar. Syftet med forskningsstudien var att finna en lämplig integrerad krets för att 

täcka ett brett spektrum av ISM-band (300MHz till 3 GHz). Totalt 22 forskningsrapporter 

jämfördes och analyserades, varav en krets valdes för detta ändamål. Denna krets har verifierats 

genom att bygga kretsen systemnivå och därmed kritiska konstruktionsparametrar bestämdes. 
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NOMENCLATURE 

 

 

Notations 

Symbol Description 

ф Phase  

ω Angular Frequency 

Ω Resistance 

Z0 Characteristic Impedance 

V Volts 

Y Admittance  

Z Impedance 

L Inductance 

C Capacitance 

R Resistance 

K Constant factor 

t Time 

Abbreviations 

RF Radio Frequency 

RFID Radio Frequency Identifier 

MRI Magnetic Resonance Imaging 

ISM Industrial, Scientific and Medical 

WLAN Wireless Local Area Network 

HPF High Pass Filter 

LPF Low Pass Filter 

HP High Pass 

LP Low Pass 

SPDT Single Pole Double Throw 

CMOS Complementary Metal Oxide Semiconductor 

TTL Transistor-Transistor Logic 

DC Direct Current 



 8 

AC Alternating Current 

S-Parameters Scattering Parameters 

RMS Root Mean Square 

IC Integrated Circuit 

DIP Dual-in-Package 

D-FF D-Flip Flop 

PPF Poly Phase Filter 

MMIC Monolithic Microwave Integrated Circuits 

DOI Digital Object Identifier 

DAC Digital to Analog Converter 

TDC Time to Digital Converter 

TDE Tunable Delay Element 

TPS Traversal Phase Shifter 

PLL Phase Locked Loop 

VCCS Voltage Controlled Current Source 

ACC Amplitude Control Circuit 

VGA Variable Gain Amplifier 

OPAMP Operational Amplifier 

TF Transfer Function 

dB Decibel 

BW Band Width 

Hz Hertz 
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1  INTRODUCTION 

 

1.1 Background 

Radio Frequency (RF) waves are used widely for radio communication. In past few decades the 

growth in RF wave research has increased tremendously. There has been lot of innovations in 

using the RF waves for variety of applications like high density lighting system, surgical system, 

RFID tags and MRI scan [6].  

In every RF technology application, the RF signal transmitter has the following functional blocks 

[3]: 

 Signal Generator 

 Phase shifter 

 Variable Gain Amplifier 

 Power amplifier 

 Antenna 

The signal generator has the local oscillator circuit and generates the RF signal. The phase shifter 

block shifts the phase of the signal passing through it by a certain desired degrees. The Variable 

Gain Amplifier (VGA) controls the amplitude of the signal passing through it. The power 

amplifier amplifies the RF signal to have the signal power suitable respective application needs. 

The Antenna is at the end stage of the RF transmission chain and it radiates the RF signal for 

transmission. 

In application like radio communication, there is a need to control the direction of signal 

radiation. This direction controlled signal radiation is called beam steering. Beam steering is 

needed to improve the signal reception in a particular direction. Beam steering can be done using 

two techniques namely mechanical method and digital method. 

In mechanical method, the radiating antenna is turned physically to a particular direction, to 

focus the signal radiation towards that direction. In digital method, phase shifters are utilized 

along with array antenna setup to focus the signal radiation in a particular direction without the 

need to turn the antenna physically. 

The digital beam steering method depends on the constructive and destructive interaction of 

signals radiated from each antenna in the array antenna setup [30]. The signal interaction 

depends on the phase of the radiated signal which is being controlled by the phase shifter in the 

transmitter [30]. The following figure 1 discusses the beam steering application using an array 

antenna setup with 3 antennas. 
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Figure 1: Phase shifter for beam steering application [30] 

Figure 1 shows that there are 3 antennas which are radiating signals generated by the signal 

generator, with phase shifts which can be related as Φ3 > Φ2 > Φ1. Figure 1 shows the main 

beam of the radiated signal is being steered towards a particular direction based on the phase of 

each signal being radiated from the array antenna system. The main blocks in the transmission 

chain which steers the transmitted beam are the phase shifter and the VGA.  

The phase shifter circuits introduce a certain amount of time delay (or phase at a certain 

frequency) in the signal passing through it. The amplitude of the radiated signal in each lobe is 

being controlled by the VGA. The radiated waves interact with each other either destructively or 

constructively [30].  

The phase and the amplitude relation between the transmitted signals can be adjusted to reduce 

the radiation in all unwanted direction by destructive interaction and can have high signal 

radiation in a particular direction by constructive interaction [30]. 

This will result in the main beam radiated from the array antenna setup being directed towards a 

particular angle, with respect to the radiating antennas position. The amount of angle by which 

the main beam is being steered depends on the amount of delay or phase being introduced 

between the different signals emitted from each antenna. 

1.2 Purpose 

The phase shifter along with the VGA is the main block which handles the beam steering 

function in radio communication. The phase shifting function can be performed at any part of the 

signal generation and processing path starting from the signal generator to the antenna. But phase 

shifting a signal at high power will require very huge and bulky phase shifting blocks and will be 

costly. From [31] it can be seen that a high power phase shifter (2.66GHz to 2.99GHz) has a 

dimension of 10.25 x 20.15 x 2.70 inches, which is very large. 
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Hence the phase shifting function was required to be performed by a phase shifter circuit placed 

closer to signal generation circuit where the RF signal power would be lower. This will result in 

extremely efficient phase shift with minimum phase error. Additionally it will result in the 

operation being performed with very low current consumption and in less space. There are lots 

of phase shifter ICs in the market currently which does the phase shifting function at low power 

signals. But these ICs tend to be costly and they consume lot of power. 

The goal of this project work was to build a phase shifter circuit with low cost and with less 

power consumption yet with very high performance. 

The phase shifter circuit had already been designed to operate at the frequency band from 

2.4GHz to 2.5GHz [3]. This is the ISM band allocated for microwave ovens, WLAN and 

cordless phones [6].  

The Region 2 [6] which includes North America and South American continents has a special 

ISM band allocated for them. This ISM band includes the frequency band from 902MHz to 

928MHz.   

This ISM band is used in applications like RFID, biometric passports and contactless smart 

cards. Due to novel innovations in this ISM band RF technology, the phase shifter was needed to 

be designed for the frequency band from 800MHz to 1000MHz. The phase shifter was expected 

to operate at very low power yet have high performance and low cost. This phase shifter design 

was supposed to reuse the circuit layout from the previous work done in [3].  

There are lots of phase shifters available in market, but they can operate only at a specific 

frequency band. There is an increase in demand for a universal phase shifter circuit, which can 

handle any frequency. Hence it was decided to build a phase shifter, which can operate at a very 

wide frequency range from 300MHz to 3000MHz. This will result in reduction in the cost of 

redesigning to each frequency bands and ultimately lower the cost of the phase shifter. Hence a 

research study was needed to be done before starting the design of the wide band phase shifter. 

There are huge number of articles and research papers released on phase shifter circuits designed 

in different circuit topologies. Hence the focus of the study was to find the best possible circuit 

design solution which can satisfy the requirements in the most efficient way. 

1.3 Limitations 

The following table 1 shows the list of limitations involved in the phase shifter design which was 

to be designed at the frequency 800MHz to 1000MHz. Since the layout of the phase shifter 

circuit was being adapted from the work done in [3], this work had the following limitations. 
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Table 1. Limitations for phase shifter design (800MHz to 1000MHz) 

Parameter Limitation 

Phase shifting approach High pass/ Low pass topology 

High Pass / Low Pass Network Pi-network 

Number of phase shifting sections 4 

Manufacturer of active components NXP 

Lumped component manufacturer Murata 

Component Size 0603 (mils) 

Attenuator section T attenuator (3.3dB) 

Circuit layout Layout already designed  

 

1.4 Organization of thesis work 

The work discussed in this report organized into 8 chapters. 

Chapter 1 which had been named as the „Introduction‟ discusses the background field related to 

this thesis work. The purpose of this work and limitations involved are also discussed in this 

chapter. Chapter 2 which had been named as the „Frame of reference‟ discusses the related work 

done previously. 

Chapter 3 which had been named as the „Implementation‟ describes the implementation of this 

thesis work. This chapter is broadly classified into two sections with respect to the two different 

works done for this thesis. Each section starts with the specifications and related basics explained 

in the beginning. The later sections describe the different steps involved in the implementation. 

Chapter 4 which had been named as the „Results‟ describes the results obtained from this thesis 

work. Again this chapter is divided into two sections for the two different works done. Chapter 5 

which is named as the „Discussion and Conclusion‟ describes the discussion and conclusion from 

the results obtained. This chapter is also divided into two sections. Chapter 6 which had been 

named as the „Recommendations and Future Work‟ describes the recommendations and future 

work for each of the works done. Chapter 7 which had been named as the „References‟ describes 

the references used for this thesis work.  

The very last chapter which is Chapter A has the appendix sections included in it. This chapter 

has 4 sections included in it. The section 2 in the Chapter A has the schematics and simulation 

results of all the other phase shifter sections except the 180
0
 phase shifter section (180

0
 phase 

shifter explanation discussed in the main report).  These schematic and simulations are presented 

in appendix chapter in order to constraint the thesis report within the number of page limit and 

also to maintain the focus of the report on the design steps involved. 
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2  FRAME OF REFERENCE 

 

The work described in [3] was the basis for the phase shifter design work described in this thesis. 

In [3] it was described that the High Pass / Low Pass phase shifter circuit topology was decided 

after analyzing five different types of phase shifter topologies. 

The following are the list of phase shifter topologies described in [3]: 

 Switched line phase shifter 

 Loaded line phase shifter 

 Reflection type phase shifter 

 All pass network phase shifter 

 High Pass / Low Pass phase shifter 

It was described in [3] that the High Pass/Low Pass phase shifter was chosen based on its 

compact size and less insertion loss and return loss property. 

The work described in [3] has the information about the layout for the individual phase shifter 

sections (without attenuator and with attenuator) and the layout for the full phase shifter circuit. 

It also includes information about the type, property of material and the dimension of the PCB 

used to manufacture the test circuits. 

The work described in [3] was done to design a phase shifter circuit which can work at the ISM 

band from 2.4GHz to 2.5GHz. Thus the phase shifter design in [3] had a bandwidth of 100MHz 

and the center frequency at 2.45GHz. 

The work described in this report reuses the circuit layouts and the total number of phase shifting 

sections from the work described in [3]. 
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3  IMPLEMENTATION 

 

3.1 High pass/ Low pass phase shifter Design (800MHz to 
1000MHz) 

 

3.1.1. Phase shifter Specifications 

The following table 2 shows the list of specifications for the phase shifter design. 

Table 2. Specifications for phase shifter design (800MHz to 1000MHz) 

Symbol Parameter Min Typical Max Unit 

F Frequency 800 - 1000 MHz 

phi 

range 

phase shift range 0 - 360 Deg 

phi step phase shift step size - 22.5 - Deg 

phi 

error 

Max phase shift error - 5 - Deg 

- Number of control bits - 4 - - 

- Number of phase shifter 

sections 

- 4 - - 

S11 Input return loss - -20 -15 dB 

S22 Output return loss - -20 -15 dB 

S21 Insertion loss - -20 -24 dB 

ΔS21 Variation in Insertion loss 

over the entire bandwidth 

- 2 - dB 

All the parameters shown in table 2 except the frequency range had been adapted from the work 

done in [3]. 
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3.1.2. Basic principle of High Pass/Low Pass Phase Shifter 

 

Figure 2. High Pass/ Low Pass phase shifter 

The High Pass (HP) /Low Pass (LP) phase shifter has one arm as a High pass filter (HPF) section 

and another arm as a Low pass filter (LPF) section. These HPF and LPF sections can be 

implemented as either Pi networks or as a T networks. The figure shows the implementation in a 

Pi networked fashion. 

One of the branches is considered as a default branch through which the signal will pass when 

there is no phase shift needed. For example in case of High Pass branch being set as a default 

branch, when a phase shift is needed then the switches at the end of the branch are switched to 

select the other non default branch which will be the Low Pass branch. 

The shift in phase is due to the different phase response provided by the high pass and low pass 

filters. 

The below figure 3 shows the phase response of a high pass and low pass branches along with 

the phase shift provided by shifting the signals between branches. 

 

Figure 3. High Pass/ Low Pass phase response 

Source: http://www.microwaves101.com/encyclopedia/phaseshifters_HPLP.cfm 

The figure 3 shows the insertion loss response in phase (degrees) format. The insertion loss 

represents the gain/attenuation of a circuit. The phase plot of insertion loss will give a clear idea 

about phase change of signals passing through the circuit. A short introduction about the 

insertion loss and return loss is given in Appendix I.  

From the above figure 3 it can be seen that there can be a shift in phase response by a certain 

degrees while switching from HPF to LPF or vice versa. This phase shift is obtained by 
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subtracting the phase response of High/Low pass section from phase response of Low/High Pass 

section. Thus the HPF/LPF branches along with two SPDT (Single Pole Double Throw) switches 

can function as a phase shifter. 

The limitations listed in table 1 mention that the number of phase shifter sections will be 4, along 

with 4 control bits. Hence 16 (2
4
) phase states can be obtained by combing these phase shifters in 

series. The control bit‟s voltage level can be CMOS or TTL logic levels. 

The following table 3 shows the truth table of the 4 bit control circuit and the resulting phase 

states. 

Table 3. Phase shifter combinations 

Phase 
State 

Bit 1 Bit 2 Bit 3 Bit 4 Phase 
Shift (degrees) 

1 0 0 0 0 0° 
2 1 0 0 0 22.5° 

3 0 1 0 0 45° 

4 1 1 0 0 67.5° 

5 0 0 1 0 90° 

6 1 0 1 0 112.5 

7 0 1 1 0 135° 

8 1 1 1 0 157.5° 

9 0 0 0 1 180° 

10 1 0 0 1 202.5° 

11 0 1 0 1 225° 

12 1 1 0 1 247.5° 

13 0 0 1 1 270° 

14 1 0 1 1 292.5° 

15 0 1 1 1 315° 

16 1 1 1 1 337.5° 

 

3.1.3. Design Approach 

The design of HPF and LPF network involves determination of values for the lumped 

components namely the inductor L and capacitor C. The design was started with the aim to find 

the ideal component values and later focused on determining the practical component values.  

3.1.3.1. Ideal circuit 

This section shows the calculation of ideal values and implementation of these values in the 

schematic. 

 

3.1.3.1.1. Low pass section 

The figure 4(a) shown below shows the low pass section implementation and the formula used 

for calculation of L and C values. 
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Figure 4 (a). Low Pass Section 

    
     ( )

 
      (1) 

                                                   
     ( )

      ( )
             (2) 

 

Here ф is the phase shift in radians 

           is the angular center frequency in radians/sec 

        Z0 is the characteristic impedance of the network ( here Z0 is 50 Ω) 

 

3.1.3.1.2. High Pass section 

A typical High Pass (HP) filter in pie network will have two inductors and one capacitor 

connected as shown in figure 4(b). This HP section in figure 4(b) is implemented with a DC 

blocking capacitor at the bottom of the branch. This may look like an All Pass section, but this 

DC blocking capacitor is of very large value and will not influence the high pass filter operation. 

The reason for use of this DC blocking capacitor can be found in the section 3.1.3.3. 

The formula used for calculation of L and C values is given below the figure 4(b). 

 

Figure 4 (b). High Pass Section 

    
     ( )

 (     ( ))
     (3) 

    
 

      ( )
     (4) 

 

Here ф is the phase shift in radians 

           is the angular center frequency in radians/sec 

        Z0 is the characteristic impedance of the network ( here Z0 is 50 Ω) 

 

The formulas for calculation of L1 and C1 are obtained from [1]. 

Note: It is assumed that if ф is the required phase shift from the HPF/LPF phase shifter, then 

HPF needs to provide ф/2 phase shift and LPF needs to provide ф/2 phase shift. Thus while 
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shifting the signal from one branch to another (for example HPF to LPF via the switches), the 

signal will have a net phase shift of ф radians. 

Hence while calculating the L and C from equation (1), (2), (3) and (4) ф was replaced by 
 

 
 . 

The value of   is set as the center frequency 900MHz. 

Using the above formulas the following values shown in table 4 are obtained for HP and LP 

branches. 

Table 4. Ideal values for HP/LP sections 

Bit 
Section 

Low Pass High Pass 

L1(nH) C1(pF) L2(nH) C2(pF) 

22.5 1.725 0.348 89.77 18.129 

45 3.384 0.704 44.45 9.24 

90 
6.252 1.465 21.346 5 

180 8.842 3.537 8.842 3.537 

 

The design approach used to build each phase shifter sections is explained using the 180
0
 phase 

shifter circuit. The method to build the other phase shifter sections namely 90
0
, 45

0
, 22.5

0
 phase 

shifter circuits are exactly same as the method used to build 180
0
 phase shifter section.  

Agilent ADS software tool was used to do the simulation of all the circuits shown in the section 

3.1. 

Note: The figures for the schematic and simulated S-Parameter responses for 22.5
0
, 45

0 
and 90

0
 

phase shifter sections are shown in the Appendix II.1, Appendix II.2 and Appendix II.3 

respectively. 

 

3.1.3.1.3. Simulation of 180
0
 phase shifter with ideal components 

The calculated values for an 180
0
 phase shifter circuit as shown in table 4 is 

L1= 8.842nH, C1= 3.537pF for Low Pass section 

L2= 8.842nH, C2= 3.537pF for High Pass section. 

The following figure 5 shows the schematic setup using ideal components with values as shown 

above. 
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Figure 5. Ideal circuit schematic 

The upper circuit in the schematic in figure 5 is a Low Pass section terminated with teminals 

named as Term1 and Term2. These terminals are components used as ports connected at input 

and output of a RF circuit. They are used to measure parameters like S, Y and Z parameters. 

The lower circuit in the schematic is a High Pass section terminated with terminals named as 

Term3 and Term4. 

The High Pass section has a 1nF capacitor (C4=1nF in figure 5) which performs the DC blocking 

function. 

 

 

Figure 6. Ideal circuit S parameter simulation 
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Figure 6 shows the S parameter response of the schematic in figure 5. The explaination of the S-

parameter for a two port RF system is given in the Appendix I. 

The insertion loss of the Low Pass circuit is given by S(1,2) and for the High Pass circuit by 

S(3,4). Figure 6 shows that the insertion loss is minimum at the center frequency and increases 

towards the corner frequencies. The insertion loss of HP and LP sections are very close to each 

other with a maximum variation of only 0.052 dB from the ideal value of 0dB at 800MHz. 

Note: Ideally it is prefered to have minimum insertion loss throughout the bandwidth and also 

the insertion loss of both HP andLP branches are prefered to be equal. But in a practical circuit 

this condition can never be achieved with present technology. 

 

The return loss at the input is given by S(1,1) for Low Pass circuit and by S(3,3) for High Pass 

circuit.  

The return loss at the output is given by S(2,2) for Low Pass circuit and by S(4,4) for High Pass 

circuit.  

Since the circuit is build with ideal component the return loss at input and output are same, ie., 

S(1,1)=S(2,2) and S(3,3)=S(4,4).  

The figure 6 shows that the input and output return loss of  LP section is -103.55 dB and for HP 

section it is -48.844 dB at the center frequency (900MHz). 

Thus the return losses is minimum at the centre frequency and it is increasing towards the corner 

frequencies. The HP and LP return losses are very close to each other. 

Note: Ideally it is prefered to have minimum loss at the center frequency and the input return 

losses of both HPF and LPF branches are  prefered to be equal. The same equality is prefered for 

the output return losses of both HPF and LPF branches also. 

 

The word “minimum” is differently interpreted for insertion loss and return loss. Insertion loss is 

the gain/attenuation of a circuit, hence 0 dB is the ideal minimum value. But return loss is a 

parameter quantifying the amount of reflection at the input and output ports. Since it is prefered 

that the reflection to be 0 ideally while transmission of signal through the circuit, - ∞ dB is the 

minimum value for return loss. 

 

The net phase shift provided by the High Pass and Low Pass sections combined was calculated 

using the formula given as follows: 

Phase shift= phase( S(1,2) ) – phase ( S(3,4) )    (5) 

The phase shift plot shows that the circuit provides a phase shift of 180.203
0 

at 900MHz. The 

phase shift decays towards the corner frequencies with an phase error of 3.423
0
  (=183.423

0
-

180
0
) at 800MHz and 2.703

0
 (=182.703

0
-180

0
) at 1000MHz. 

 

This simulation shows that the calculated values provide acurate phase shift and minimum return 

loss and minimum insertion loss as prefered. 
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3.1.3.2. Simulation of 180
0
 phase shifter with Murata components models 

The ideal components were replaced with Murata components models from the ADS library. The 

Murata components model was used because they include the parasitics present in the real 

components. 

The Murata component series from which the inductors and capacitors were chosen are shown 

below. 

 Inductors: LQG18 and LQW18 series [33] 

 Capacitors: GQM18 series and GRM18 series(Higher values) [34]. 

The reason for chosing these series alone is due to the component size restriction (0603 mils) as 

given in the limitations in table 1. 

 

For the 180
0
 section the following inductors and capacitors are used from the Murata model 

library to replace the ideal components: 

L1= 8.842nH replaced with 8.2nH (LQG18HN8N2J00) 

C1= 3.537pF replaced with 3.6pF (GQM1875C2E3R6BB12) 

L2= 8.842nH replaced with 8.2nH (LQG18HN8N2J00) 

C2= 3.537pF replaced with 3.6pF (GQM1875C2E3R6BB12) 

C8= 1nF DC blocking capacitor with 1nF (GQM1885C1H101JB01) 

The Murata components are available in only certain values. Hence the Murata components with 

values closest to the ideal component values were chosen to replace the ideal components. 

Figure 7 shows the schematic setup for simulation of HPF and LPF sections built with Murata 

components. 

 

Figure 7. HP/LP schematic with murata components 

 

The following figure 8 shows the S parameter response of the circuit in figure 7. 
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Figure 8. S-Parameter simulation of circuit with murata components 

In comparison to the ideal value plot shown in figure 6, the insertion loss plot shows that the loss 

has increased and loss provided by HPF and LPF branches are different. 

All these changes in insertion losses and return losses are due to the parasitic L, C and R present 

in the Murata components 

The return loss plot shows that the return loss is not minimum at the center frequency as 

prefered. The input return losses and output return losses are also not equal. 

The phase shift was calculated using the equation (5). The phase shift has decreased to 177.279
0
 

at 900MHz against the prefered value of 180
0
. 

The insertion loss and return loss in figure 8 are good enough to proceed to the next stage. The 

response of the circuit changes a lot after implementing with the layout data and hence 

optimization of the L and C values will be needed. But optimizing the present circuit to give 

accurate phase shift and ideal insertion and return loss will result in waste of design effort. This 

circuit simulation will give an insight about how the response of the circuit is changing with non 

idealities of real circuit. 

The next step is to design the circuit by combining the HPF and LPF circuits with two switches 

as shown in figure 2. The design of switch circuit is discussed in the next section. 
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3.1.3.3. Design of switch and simulation of 180
0
 phase shifter with switch 

The first step in this section is the design of the switch and the associated circuits. 

3.1.3.3.1.Switch design 

Implementation of the Single Pole Double Throw (SPDT) switch is done with PIN diodes IC. 

The reason for using PIN diodes is that, they are easy to bias and has less insertion loss 

compared to transistor switches. In addition, cost of PIN diodes is also less. 

The following figure 9 shows the implementation of the HPF/LPF phase shifter along with the 

PIN diodes functioning as switches. 

 

Figure 9. Phase shifter circuit with HP/LP sections and PIN diode switches 

The PIN diode component BAP51-04W manufactured by NXP is chosen for serving as an SPDT 

switch. 

 

Figure 10. Top view and symbol of BAP51_04W [2] 

The diodes can be operated as switches by providing biasing voltage across the pins of the 

BAP51-04W. This bias voltage will be provided by the control bit. The bias voltage needs to be 

complementary for the two PIN diodes connected at the input and output of  phase shifter. Hence 

the complementary set of control bits are provided as inverted and non inverted value using the 

74AHC240 IC (will be discussed later). 

The biased PIN diodes with the HPF and LPF arms is shown in figure 11. 
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Figure 11. Phase shifter circuit with bias voltages for the PIN diode switches 

In the figure 11, if the control bit is „1‟ which will be in CMOS logic value as 5V. The 

complement control bit will be 0 and the CMOS logic value will be 0V. Hence the diodes 

between the port 3 and 2 of the BAP51_04W (marked by „I‟ in figure) on left side of circuit will 

be forward biased. The diodes between port 3 and 1 of this BAP51_04W (marked by „I‟) will be 

reverse biased. 

The bias voltage from the left side switch will reach the BAP51_04W (marked by „II‟ in figure) 

on the right side of the circuit. Additionaly the complemented control bit provide 0 volts to the 

right side BAP51_04W switch. Hence the diode between ports 3 and 1 of this BAP51_04W 

(marked by „II‟) will be forward biased and the diode between port 3 and 2 will be reverse 

biased. 

This will result in the HP section being selected by the switches and the signal from input will 

pass through the HP section alone. The LP section will be completely disconnected due the 

reverse biased diodes in BAP51_04W switches. 

In the same way, the LPF will conduct signal and HPF will be disconnected if the control bit is 0. 

The 1KΩ resistor is used between the control bit and pin 3 of BAP51_04W for blocking the AC 

signal from reaching the DC control voltages. 

The DC bias voltage on both the switches results in a DC bias current flowing between the bias 

voltages. This DC current will start flowing from one bias voltage, then pass through one switch 

and into the HP/LP section. From the HP/LP section the DC current will pass through the other 

switch and eventually will reach the other bias voltage. 

This DC bias current is very important for the proper functioning of this circuit. If the phase 

shifter with a HP section as shown in figure 2 is built, then this DC bias current will flow to 

ground while flowing through HP section. This is because the parallel inductors in the HP gives 

zero impedance to DC signal and will drive the DC current to the ground. This is being 

prevented by the DC blocking capacitor with 1nF value. 

 

Parasitic capacitance of BAP51_04W: 

The datasheet of the BAP51-04W PIN diode shows that there will be an parasitic capacitance in 

the reverse biased state. 

The below figure shows the parasitic capacitance in reverse biased state varying with reverse 

bias voltage at a frequency of 100MHz [2]. 

I II 
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Figure 12. Parasitic capacitance value versus reverse bias voltage [2] 

The following figure 13 explains theoritically the impact of the capacitor in the switch: 

 

Figure 13. Impedance of ideal switch and BAP51_04W switch 

The signal frequency at which the switch has to be used is 900MHz. Hence the impedance 

provided by this switch at OFF state can be calculated as 

             
 

     
 

 

            
          (The calcuation of C value is 

explained in next section) 

Thus the OFF state impedance is very low. This capactiance will give very poor isolation when 

the diode needs to be in OFF state. So it is required to resonate out this capacitance by using an 

inductor connected in parallel. 

 

Design of resonant inductor: 

First step inorder to design the resonance inductor was to estimate the exact value of the parasitic 

capacitance in the bandwidth of interest. 
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The following setup  shown in figure 14 is made in ADS to estimate the parasitic capacitance of 

BAP51_04W. 

 

Figure 14. Schematic setup for parasitic capacitance estimation 

The HPF and LPF sections were removed and only the BAP51_04W switches were included in 

the setup. Here the “DC feed” component placed in-between is serving as AC block.  

The setup shows that the control bit value is 0. Hence the path between terminals named Term1 

and Term 2 is OFF and path between terminals named Term1 and Term3 is ON. With this setup 

Y parameter simulation was performed. 

By using the convertion      
 

   
    ( where Y is admittance and f is the frequency of operation), 

the parasitic capacitance value over the bandwidth of interest is obtained. The below figure 

shows the value of parasitic capacitance. 

 

Figure 15. Parasitic capacitance value of BAP51_04W in OFF state 

BAP51_04W 
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Figure 15 shows the parasitic capacitance value of BAP51_04W during OFF state using Y(1,2), 

since the diode between Term1 and Term2 was reverse biased. The figure also shows that the 

parasitic capacitance value of BAP51_04W at 900MHz is 193pF. 

The insertion loss S21 between the Term1 and Term2 which are in OFF state is shown in the 

figure below. 

 

Figure 16. Insertion loss of BAP51_04W diode during OFF state 

The insertion loss should be maximum during the OFF state for providing maximum isolation. 

But the parasitic capacitance is degrading the isolation, resulting in the insertion loss of -22dB at 

900MHz as shown in the figure 16. This results in poor isolation. 

Taking the center frequency as the resonance frequency, the value of resonant inductor which is 

needed for cancelling the effect of the parasitic capacitance is found from the formula  

   
√  

⁄          (6) 

Here C= 193f F and f=900MHz 

Substituting the C and f values in equation (6), L=162.03nH. Hence this is the resonant inductor 

value which is used to cancel the effect of parasitic capacitance in BAP51_04W switch. 

The following figure shows the simulation setup with an ideal inductor component connected in 

parallel to the BAP51_04W ports. 
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Figure 17. Schematic setup with ideal inductor component as resonance inductor 

The resulting parasiting capacitance value from the Y parameter simulation is shown in the 

below figure 18. 

 

Figure 18. Parasitic capacitance value of BAP51_04W diode in OFF reduction due to resonant inductor 

Figure 18 shows that the parasitic capacitance value at the centre frequency is negligible. 

Frequencies at the end of the bandwidth are also greatly reduced. 

In a real circuit, it was needed to use a lumped inductor component provided by Murata to 

replace the ideal inductor component. 

The dificulty with real inductors was that the inductor has parasitic capacitance and resistance. 

With the help of the software tool named “Murata Chip S-Parameter & Impedance Library” 

provided by Murata, the parasitic C and R values were obtained. 

The below figure 19 shows the screenshot of the Murata software tool. 
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Figure 19. Murata chip s-parameter & impedance library software screenshot (Courtesy: Murata) 

In the impedance section of the software tool, the parasitic values of capacitance and resistance 

are given along with a digram showing the model of the inductor. 

The value of inductance, capacitance and resistance varies with frequency. Hence the corner 

frequency in the bandwidth namely, 800MHz and 1Ghz are chosen and the values were used to 

build a circuit according to the model shown in the software tool. 

Simulation circuit was built using this inductor model and the parasitic capacitance of 

BAP51_04W in OFF state using an ideal components. The value of the parasitic capacitance was 

obtained from figure 15. This schematic is shown below in figure 20. 

 

Figure 20. Schematic setup with inductor model of 130nH LQW18 series inductor in parallel to the parasitic 

capacitance of BAP51_04W 

Figure 20 shows the schematic setup with inductor model of 130nH LQW18 series inductor and 

BAP51_04W parasitic capacitor at 800MHz. 

The ideal inductor value  obtained from equation (6) is 162nH. Hence the murata inductor values 

which are closer namely 100nH, 110nH, 120nH, 130nH, 150nH and 160nH are chosen and the 
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equivalent circuit model was created at the corner frequencies (at 800MHz and at 1Ghz) and 

simulated. The resulting reduction in parasitic capacitance value for each inductor model was 

noted. After analyzing the reduced parasitic capacitance results, the 110nH inductor of LQW18 

series with part number LQW18ANR11G00 was chosen as the best suiting inductor. The 

reduction in parasitic capacitance obtained from the above simulation setup with 110nH LQW18 

series inductor is shown below in figure 21. 

 

Figure 21. Simulation results showing reduction in parasitic capacitance with 130nH LQW18 series inductor 

Figure 21 shows that the reduced parasitic capacitance values at the corner frequencies are very 

close to the reduced parasitic capacitance obtained using ideal inductor as in figure 18. 

The following figure 22 shows the simulation setup after placing the 110nH LQW18 series 

inductor in parallel to the BAP51_04W. 

 

Figure 22. Schematic setup for BAP51_04W switch with murata resonant inductor. 

Figure 23 shows the reduced parasitic capacitance in BAP51_04W switch due to the 110nH 

LQW18 series inductor. 
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Figure 23. Reduction in parasitic capacitance due to LQW18ANR110G00 inductor 

The values obtained in the figure 23 was convincing that the parasitic capacitance values are 

low. But the more interesting result was obtained in S-parameter simulation. 

The following figure 24 shows the insertion loss S(2,1) plot between Term1 and Term2 which 

are in OFF state. 

 

Figure 24. Insertion loss plot between the terminals connected by BAP51_04W switch in OFF state 

The figure 24 shows that the insertion loss is maximum near the center frequency and degrades 

towards the corner frequencies. Since the path between Term1 and Term2 is OFF, maximum loss 

is prefered. The value of insertion loss is between -33dB and -45dB in OFF state which is pretty 

high good enough for our circuit operation. Hence the LQW18ANR11G00 110nH inductor was 

chosen as the resonant inductor for the circuit. 
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3.1.3.3.2. Simulation of 180
0
 phase shifter circuit with BAP51_04W switch and Murata 

components 

 

The following figure 25 shows the circuit setup of 180
0
 phase shifter circuit. 

 

Figure 25. Schematic setup with BAP51_04W switches and HP/LP sections biased to select HP section 

In figure 25, the BAP51_04W switches were biased with voltage sources to select the High Pass 

section of the circuit. This circuit represents the HP section circuit terminated with terminals 

Term1 and Term2. 

The same schematic was repeated with a complementary biase voltage sources to select the Low 

Pass section of the circuit. Figure 26 shows this schematic setup. This circuit represents the LP 

section circuit terminated with terminals Term3 and Term4. 

 

 

Figure 26. Schematic setup with BAP51_04W switches and HP/LP sections biased to select LP section 
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The S parameter response of the circuit setup is shown in the figure 27 below. 

 

Figure 27. S-Parameter simulation of circuit with BAP51_04W switch and murata components 

The insertion loss plot shows that the insertion loss of HP and LP branches are almost same 

except over part of bandwidth from 800MHz to 850MHz with maximum difference of 0.189dB 

at 800MHz. 

The return loss plot shows that the minimum return loss is not positioned at the center frequency. 

The phase shift was calculated using the equation (5). The phase shift plot shows that the phase 

shift provided by the circuit setup as in figure 25 & 26 is much better than the circuit setup as in 

figure 7. There is only a maximum phase error of almost 3
0
 at 800MHz. 
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3.1.3.4 Design of Attenuator and Simulation of 180
0
 phase shifter with layout 

The individual phase shifter sections will be combined in series with other phase shifter sections 

to build the final 4 bit phase shifter circuit. Attenuator sections are needed at the input and output 

sides of the each individual phase shifter circuits in order to provide isolation from neighbouring 

phase shifter circuits or other kind of circuits. This isolation is needed because the insertion loss 

and return loss of a particular phase shifter changes due to the change in termination impedances. 

This will inturn result in change in phase shift provided by that phase shifter circuit, since phase 

shift is the insertion loss expressed in phases format. Hence attenuators are used to provide an 

impedance termination of 50 Ω and to isolate the neighbouring circuits. 

3.1.3.4.1. Design of Attenuator 

The attenuator section used in the phase shifter was in T-type topology. This T-type attenuator 

was adapted from the work done in [3]. These T-attenuators are connected at the input and 

output of the phase shifter layout section. The T-attenuator section needs to provide an 

attenuation of about 3.3 dB over the bandwidth of interest. The attenuation level 3.3dB was 

determined from the previous work done on this circuit [3]. In [3] it was concluded that the 

phase shifter section simulated with layout had better performance in terms of insertion loss, 

return loss and phase shift, while having an attenuation of 3.3dB at the input and output 

terminals of the phase shifter circuit. 

 

The following figure 28 shows the schematic structure of the attenuator.  

 

Figure 28. T-attenuator circuit 

The formula for calculation of resistor values used in the attenuator circuit is given below. 

 

R1 = R2 = Zo x (
  

(
     

  
)
  

  
(
  
  

)
  

)     (7) 

 

R3 = 2* Zo x (
  

(
     

  
)

  
(
  
  

)
  

)     (8) 

 

 In equation (7) and (8), AttdB is the required attenuation. Here AttdB = 3.3 dB 

   Zo is the termination impedance. Here Zo = 50 Ω 

 

Using the above formula 

R1 = R2 = 9.39 Ω 

R3 = 128.49 Ω 
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The resistors which are supposed to be used in this design has a size contraint of 06x03 mils as 

given in the limitations table 1. The resistors available in the lab facility is manufactured by 

Yageo. Based on the available range of resistance values in the lab facility, the following 

resistance values which are closer to the ideal values are chosen: 

R1 = R2 = 10 Ω 

R3 = 150 Ω 

The following figure 29 shows the schematic setup for testing the attenuator section using the 

layout file and ideal resistor components with values derived as explained above. 

 

Figure 29. T-attenuator schematic with layout 

The layout file used in figure 29 is a part of the single phase shifter section layout file. 

The S-Parameter response S(1,2) characterizes the attenuation. The following figure 30 shows 

the attenuation provided by the attenuator section using S(1,2). 

 

Figure 30. T-attenuator S-Parameter response 
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The simulation plot in figure 30 shows that the attenuator provides an average of 3.2 dB 

attenuation at the bandwidth of interest. This level of attenuation is close enough to the prefered 

attenuation level of 3.3dB. Thus the T-attenuator will provide sufficient isolation between 

neighbouring phase shifter sections. 

 

3.1.3.4.2. Simulation of 180
0
 phase shifter section with layout 

In this section, the schematic setup of the 180
0
 phase shifter circuit is made with the layout file 

and the components which are derived from previous sections. The layout file used in this 

schematic is an unflattened layout file. The layout file will simulate the same impedances as in 

the actual test board generated with this layout file. 

The schematic uses two similar circuits for same reason as in shown in figure 25 and 26. The two 

circuits are biased with opposite bias voltage, thus each circuit representing either of the High 

Pass and Low Pass branches. 

Lot of simulations trials were done with this setup by changing the components, inorder to 

optimize the component values to give tolerable values of insertion loss, return loss and phase 

shift. Thus the following new component values are determined for the High Pass and Low Pass 

sections. 

Low Pass section values: 

L1= 6.2nH (LQW18AN6N2C00) 

C1= 4.3pF (GRM0335C1H4R3CD01) 

High Pass section values: 

L2 = 4.7nH (LQW18AN4N7D00) 

C2 = 5.1pF (GRM0335C1H5R1DD01) 

 Here it can be noted that the capacitor series used for this schematic is not as specified in the 

section 3.1.3.2. The capacitor values used were available in GQM18 series in lab facility but the 

ADS Murata library GQM18 series did not offer these values. Hence GRM03 series was used as 

a replacement for GQM18. It was assumed that the variation caused by the change of series 

would be minimal. 

The following figure 31 shows the entire circuit setup and a separate zoomed view of the main 

phase shifter circuit and the attenuator section at the input side.  
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Figure 31. Schematic setup with layout file showing the Attenuator and HP/LP sections 

In this figure 31, the High Pass section is terminated between Terminals Term1 and Term2. The 

Low Pass section is terminated between Terminals Term3 and Term4. 

The following figure 32 shows the S-Parameter response of this schematic setup. 

 

Schematic setup 

Attenuator section 

HP/LP sections and BAP51_04W switches 
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Figure 32. S-parameter response of the schematic setup with layout 

In figure 32, insertion loss plot shows the attenuation over the required bandwidth has increased 

from about -1dB to about -8 dB. This is due to addition of two attenuator sections each with an 

attenuation of 3.2dB, thus accounting to 6.4dB (2 x 3.2dB) attenuation. The rest of the insertion 

loss is due to the layout impedance, BAP51_04W switch and murata components. The insertion 

loss between the High Pass section represented by S(1,2)  and the Low Pass section represented 

by S(3,4) has an variation of 0.395dB at 900MHz and variation of 0.247dB at 1GHz. 

Return loss plot shows that the return loss of High Pass section is below -25.4dB over the entire 

bandwidth. The return loss of the Low Pass section is below -19.7dB over the entire bandwidth 

with the minimum return loss point positioned near the center frequency. 

The phase shift plot shows that the maximum phase error is about 3.2
0
 at 1GHz which is within 

the phase error requirement. 
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3.1.3.5 Phase shifter test boards 

The following figures 33 and 34 shows the two types of test boards used for testing the phase 

shifter circuit. 

 

Figure 33. Phase shifter section with attenuator 

 

       Figure 34. Phase shifter section without attenuator 

The reason for using two different type of test boards for testing the same circuit is as follows. 

There is a need to combine the individual phase shifter boards and build the full 4 bit phase 

shifter circuit. If the “phase shifter section with attenuator” is used to combine, then there will be 

2 attenuator sections between two phase shifter sections. But there is a need for only one 

attenuator between two phase shifters. Hence “phase shifter section without attenuator” was used 

along with attenuators being added externally in ADS. 

The “phase shifter section with attenuator” was used to simulate the exact behaviour of a 

individual phase shifter section in the presence of attenuator. 

Hence there was a need to test the phase shifter circuit using both the phase shifter test boards. 

The following procedure was used to simulate the test boards: 

 After mounting the components on the test board, it was tested using Network Analyzer.  

 First the Network Analyzer was calibrated with the calibration kit (to compensate for 

impedance of the probe used for connecting the test board with network analyzer).  

 The desired frequency range was chosen (750MHz to 1050MHz). 

 S(1,1) , S(2,2) and S(1,2) plots were configured to measure the magnitudes in dB and one 

S(1,2) plot was configured to measure the phase in degrees. 

 After connecting the test board with network anayzer, the bias voltage was applied in a 

way to select the High/Low Pass section. Then the output plots were saved in .s2p format 

(Touchstone file type) . The bias voltage was applied in complimentary way compared to 
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previous step to select the remaining Low/High Pass section. Again the output plots were 

saved in .s2p format. 

 These files were simulated in ADS by including these files using SNP component. 

 

3.1.3.5.1 Simulation of 180
0 

phase shifter test board with attenuator 

The experiment of building the test board was started with component values determined in the 

section 3.1.3.4. These components were mounted on the test board. After repeated trials of 

optimizing the component values by changing them manually in the test board and simulating 

the test board, the following components values were determined to provide tolerable values of 

insertion loss, return loss and phase shift. 

Low Pass section values: 

L1= 6.8nH (LQW18AN6N8C00) 

C1= 3.6pF (GQM1875C2E3R6BB12) 

High Pass section values: 

L2 = 5.6nH (LQW18AN5N6D00) 

C2 = 4.3pF (GQM1875C2E4R3CB12) 

The schematic setup was made by including the saved files from network analyzer using SNP 

component. The files are included by adding the file path in the SNP component.  

The following figure 35 shows the schematic setup for simulating the test board with attenuator. 

 

Figure 35. Schematic setup for test board with attenuator 

The circuit terminated with Term1 and Term2 represents the High Pass section. 

The circuit terminated with Term3 and Term4 represents the Low Pass section. 

 

The following figure 36 shows the S-Parameter response of the above schematic setup. 



 48 

 

Figure 36. S-parameter simulation of test board with attenuator 

The insertion loss between the High Pass section represented by S(1,2)  and the Low Pass section 

represented by S(3,4) has an variation of 0.18dB at 900MHz and variation of 0.217dB at 1GHz. 

Return loss plot shows the return loss of High Pass section below -22.5dB over the entire 

bandwidth. The return loss of the Low Pass section is below -18.9dB over the entire bandwidth. 

The phase shift plot shows the maximum phase error is about 4.24
0
 at 900MHz which is within 

the phase error requirement. 

 

3.1.3.5.2. Simulation of 180
0 

phase shifter test board without attenuator 

The experiment of building the test board without attenuator was started with component values 

determined in the section 3.1.3.5.1. After repeated trials of optimizing the component  values and 

simulating the following components values  were determined. 

Low Pass section values: 

L1= 7.5nH (LQW18AN7N5D00) 

C1= 3.6pF (GQM1875C2E3R6BB12) 

High Pass section values: 

L2 = 5.6nH (LQW18AN5N6D00) 

C2 = 4.7pF (GQM1875C2E4R7CB12) 

It might be surprising to see the change in component values between the two type of test boards. 

The change in component values is due to further optimization attempt to fine tune the phase 

shift to provide very less phase error. 

The files were included using SNP component and simulated in ADS. In the schematic setup the 

T-attenuator sections were added at input and output sides using ideal resistor components. This 

was done inorder to have equal attenuation/insertion loss value as shown by the test board circuit 

with attenuators, so that the results can be compared easily. 
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The following figure 37 shows the schematic setup as described above. 

 

Figure 37. Schematic setup for test board without attenuator 

The following figure 38 shows the S-Parameter response of the above schematic setup. 

 

Figure 38. S-parameter simulation of test board without attenuator 

Figure 38 shows the insertion loss between the High Pass section represented by S(1,2)  and the 

Low Pass section represented by S(3,4) has an variation of 0.203dB at 800MHz and variation of 

0.276dB at 900MHz. 

Return loss plot has the return loss of High Pass section below -20.13dB over the entire 

bandwidth. The return loss of the Low Pass section is below -19.186dB over the entire 

bandwidth. 

The phase shift plot shows the maximum phase error is about 3.6
0
 at 800MHz which is within 

the phase error requirement. 
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Insertion loss, return loss and phase error are all within the requirements. Hence the component 

values determined in this step was finalized as the proper value for the 180
0
 phase shifter circuit. 

In the same way, the component values for 90
0
, 45

0
 and 22.5

0
 phase shifter sections were 

determined as described in Appendix II.1, Appendix II.2 and Appendix II.3 respectively . The 

determined component values are given below. 

For 90
0
 degree phase shifter section: 

Low Pass section values: 

L1= 6.2nH (LQW18AN6N2C00) 

C1= 1.6pF (GQM1875C2E1R6CB12) 

High Pass section values: 

L2 = 13nH (LQW18AN13NG00) 

C2 = 8.2pF (GQM1885C1H8R2DB01) 

 

For 45
0
 degree phase shifter section: 

Low Pass section values: 

L1= 4.7nH (LQW18AN4N7D00) 

C1= 0.5pF (GQM1875C2ER50BB12) 

High Pass section values: 

L2 = 24nH (LQW18AN24NG00) 

C2 = 15pF (GRM1885C2A150JA01) 

 

For 22.5
0
 degree phase shifter section: 

Low Pass section values: 

L1= 3.3nH (LQG18H3N3S00) 

C1= 0.1pF (GQM1875C2ER10BB12) 

High Pass section values: 

L2 = 47nH (LQW18AN47NG00) 

C2 = 56pF (GRM1885C1H560JA01) 
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3.1.3.6. Combined phase shifter sections simulation 

Ideally in a 2 port network the S-Parameter S(1,2) is unaffected by the changes in reflection at 

input side S(1,1) and output side S(2,2). But in real network the changes in S(1,1) and S(2,2) has 

a direct influence on return loss represented by magnitude of S(1,2) and the phase shift 

represented by the phase of S(1,2). 

Due to the above explained effect the order in which the 4 phase shifter sections are arranged has 

an effect on the phase error and return loss of each phase section. 

There are 4 phase shifter sections, each of which provide one of the following phase shift in 

degrees namely 22.5
0
, 45

0
, 90

0
 and 180

0
. These 4 sections can be combined in 24 combinations. 

The .s2p files of test boards without attenuators which were saved from the Network Analyzer 

were combined as shown in the figure 39 below. This figure 39 represents the files combined in 

the combination order 22.5
0
, 45

0
, 90

0
  and 180

0
.  
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Figure 39. Schematic showing combination of phase shifter sections without attenuator 

In the schematic setup shown in figure 39 above, the T-attenuators were added externally since 

the SNP files were derived from phase shifter test circuits without attenuator.  

This circuit was setup by making the High Pass sections of all 4 phase shifters placed as default 

path between the terminals Term1 and Term2. Hence the path between Term1 and Term2 

represents the 0
0
 phase shifted path. 

The circuit between Term3 and Term4 represents the 22.5
0
 phase shifted path. This was done by 

replacing the 22.5
0 

High Pass section as in the path between Term1 and Term2 by 22.5
0 

Low 

Pass section in this path between Term3 and Term4. Hence the signal flowing through this path 

between Term3 and Term4 will have to go through 22. 5
0 

Low Pass section and the other High 
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pass sections. Thus it will experience a phase shift of 22.5
0 

compared to the signal in path 

between Term1 and Term2. 

In the same way the High Pass sections were replaced with Low Pass sections in the other paths 

to provide the remaining 14 phase states. Thus there are 16 signal paths to represent 16 phase 

shift steps in the figure 39. 

The following figure 40 shows the individual phase error of each phase step and the RMS phase 

error of the combination 22.5
0
, 45

0
, 90

0
  and 180

0
. The average phase error is also shown in the 

individual phase error plot in figure 40. 

 

Figure 40. Simulation plots showing RMS phase error and individual phase error 

The figure 40 shows that the combination 22.5
0
, 45

0
, 90

0
  and 180

0
 has an maximum RMS phase 

error of 2.821
0
 at 800MHz. 

Note: RMS phase error was calculated by determining the phase error in each phase step and 

doing a root mean square calculation of the individual phase errors as shown in the following 

formula: 

            √
(            )    (               )   (             )        (              ) 

  
      (9) 

 

 

The same kind of setup was repeated for all the other 23 remaining combinations of arranging 

the phase shifter sections. Then the maximum RMS phase error over the bandwidth of interest 

for each combination was determined. 

 

The following table 5 reveals the RMS phase error of each combination given against the 

combination order represented by section 1 ,2 ,3 and 4. 
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Table 5. RMS error for each combination 

Combination 

no. 

Section 1 Section 2 Section 3 Section 4 RMS phase 

error 

1 22.5
0 

45
0
 90

0
 180

0
 2.821

0
 

2 22.5
0
 45

0
 180

0
 90

0
 2.909

0
 

3 22.5
0
 90

0
 45

0
 180

0
 2.709

0
 

4 22.5
0
 90

0
 180

0
 45

0
 2.88

0
 

5 22.5
0
 180

0
 45

0
 90

0
 2.993

0
 

6 22.5
0
 180

0
 90

0
 45

0
 3.089

0
 

7 45
0
 22.5

0
 90

0
 180

0
 2.786

0
 

8 45
0
 22.5

0
 180

0
 90

0
 3.017

0
 

9 45
0
 90

0
 22.5

0
 180

0
 2.83

0
 

10 45
0
 90

0
 180

0
 22.5

0
 3.086

0
 

11 45
0
 180

0
 22.5

0
 90

0
 2.864

0
 

12 45
0
 180

0
 90

0
 22.5

0
 2.851

0
 

13 90
0
 22.5

0
 45

0
 180

0
 2.745

0
 

14 90
0
 22.5

0
 180

0
 45

0
 2.867

0
 

15 90
0
 45

0
 22.5

0
 180

0
 2.92

0
 

16 90
0
 45

0
 180

0
 22.5

0
 2.98

0
 

17 90
0
 180

0
 22.5

0
 45

0
 3.017

0
 

18 90
0
 180

0
 45

0
 22.5

0
 2.9

0
 

19 180
0
 22.5

0
 45

0
 90

0
 2.934

0
 

20 180
0
 22.5

0
 90

0
 45

0
 2.864

0
 

21 180
0
 45

0
 22.5

0
 90

0
 2.759

0
 

22 180
0
 45

0
 90

0
 22.5

0
 2.741

0
 

23 180
0
 90

0
 22.5

0
 45

0
 2.77

0
 

24 180
0
 90

0
 45

0
 22.5

0
 2.840

0
 

 

The following figure 41 shows a bar chart representation of the relation between RMS phase 

error and the combination number as mentioned in table 5. 
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Figure 41. Bar chart representation of RMS phase error versus combination number as in table 5 

From the graph in figure 41, it can be seen that combination number 3 ,13 and 22 has minimum 

phase error of about 2.75. After analyzing the insertion loss, return loss for these combinations, 

the combination number 13, which has the phase shifter bit sections arranged in the order 90
0
, 

22.5
0
, 45

0
 and 180

0
 was observed to have the best insertion loss, return loss and phase error in 

comparison with other combinations. 

The follwing figures 42 shows the S-Parameter response of all the 16 phase steps with the 

combination 90
0
, 22.5

0
, 45

0
 and 180

0
. The figure also shows combined insertion loss, input 

return loss and output return loss plots of all 16 phase steps. 
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Figure 42. S-Parameter simulation of combined phase shifter sections in the order 90, 22.5, 45 and 180 

In figure 42, the return loss is separated into input return loss and output return loss. This is 

because, in the previous sections the measurements were taken for a single phase shifter bit 

section without any other sections connected to it. Hence it has the input return loss and output 

return loss of High/Low Pass sections equal. But when the phase shifter sections are combined in 

series, the input and ouput sides of the circuit has other phase shifter sections connected to them. 

Hence the input side will experience return losses from all the 4 phase shifters through 90
0
 phase 

shifter section which is the first section in this particular combination. In the same way output 

side will experience all the return losses through th 180
0
 phase shifter section which is at the last. 

Thus the input and output will experience different return losses. 

The insertion loss plot in figure 42 shows that the variation of about 0.47dB at 800MHz and  

0.515 at 1GHz between different phase steps. It has a maximum variation insetion loss variation 

of 1.259dB over the entire bandwidth of interest. This variation level is well below the 

specifications given in table 2, which specifies the insertion loss variation ΔS21 to be below 

2dB. 

The input return loss plot shows the input return loss is below -21.635dB over the entire 

bandwidth. This is well below the specification given in table 2, which specifies a maximum 

input return loss of  -15dB. 

The output return loss plot shows the output return loss is below -17.515dB over the entire 

bandwidth. This is below the specification given in table 2, which specifies a maximum output 

return loss of -15dB. 

 

The following figure 43 shows all the 16 phase steps over the bandwidth of interest. 
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Figure 43. 16 phase states of the phase shifter combination order 90, 22.5, 45 and 180 

The figure 43 shows that the phase states represented by PSx (here ‟x‟ is replaced by the 

particular phase step) are almost flat over the bandwidth of interest and the phase steps are 

evenly seperated. This implies that the circuit will provide constant phase shift at a particular 

phase step over the entire bandwidth of interest. 

The following figure 44 shows the phase error and the average phase error. 

 

Figure 44. Phase error and Average phase error simulation plots 

The phase error plot of each phase step was calculated using the following equation (10) in ADS. 

EPSx = PSx – x  (where „x‟ should be replaced by the particular phase step) (10) 
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For example for 22.5
0 

phase step the equation is written as 

      EPS22 = PS22 -22.5       (11) 

Note here in equation (11) that the the “.5”
 
is not written in the variable to make the variable 

representation simple. But “.5”
  

was used for the number representing the expected phase state 

while subtracting. 

The same equation (10) was repeated for all the other remaining phase steps. Thus the phase 

error plot was formed. 

The average phase error plot was formed by using the following equation (12) in ADS. 

      
                                  

  
     (12) 

It can be seen from average phase error plot in figure 44 that the phase error is distributed 

equally over the entire bandwidth. This plot shows that the phase error has a value of 3.772
0
 at 

800MHz and a maximum 3.889
0
 at 900MHz. 

The following figure 45 shows the RMS phase error plot. 

 

Figure 45. RMS Phase error simulation plots 

RMS phase error was calculated using the following equation (13) in ADS which was formed 

using the equation (9). 

        √
                                      

  
   (13) 

The RMS phse error plot shows that this combination of phase shifter bit sections has a 

maximum RMS phase error of 2.745
0
 at 800MHz which is below the maximum allowed RMS 

phase error specified in the specifications table 2. 
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3.1.3.7. Simulation of the full phase shifter test board 

The following figure 46 shows the full test board schematic diagram. 

 

Figure 46. Full phase shifter circuit test board schematic diagram 

The schematic diagram in figure 46 shows all the 4 phase shifter sections connected in series 

with T-attenuators placed at input and output sides of each phase shifter. To control the bias 

voltages in each phase shifter section in order to switch between High Pass and Low Pass 

branches, IC 74AHC240 [4] was used. This is an inverter IC which was configured to generate 

complemetary CMOS logic voltage for each control bit input. 

The following figure 47 shows the pin diagram of the 74AHC240 IC. 
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Figure 47. Pin diagram of 74AHC240 IC [4] 

Figure 47 shows the pin diagram of the 74AHC240 IC, in which the pins represented with 

character „A‟ are inputs and pins represented with character „Y‟ are outputs. From figure 47, it 

can be seen that this IC takes 8 input control voltages and generates 8 complemented CMOS 

level output voltages.  

The full phase shifter test board has two BAP51_04W switches in each phase shifter section. 

Each phase shifter section needs 2 control voltages which are complementary to each other. Thus 

one can efficiently use just one input control voltage for each phase shifter section and convert it 

into the form of complemented and uncomplemented CMOS logic voltage levels before 

providing to the phase shifter. 

The following figure 48 shows the logic diagram of this IC which is configured to use 4 input 

control voltage and generate 8 output voltages. The logic diagram is represented with pin 

numbers and control voltage specific to a particular phase shifter section marked by the phase 

shift in degrees. 

 

Figure 48. Logic diagram of 74AHC240 IC along with the control bits 

From the figure 48, it can be seen that the pin 2 takes the control voltage for 90
0
 phase shifter 

section and generates the complemented logic output at the pin 18. Pin 18 is connected with pin 

17 which takes the this output from pin 18  as input and generates the uncomplemented control 

voltage as that of the input at pin 3. Thus pin 18 and pin 3 provides the bias voltage for the 90
0
 

phase shifter section. The same approach is repeated to provide bias voltage for 22.5
0
, 45

0
 and 

180
0
 phase shifter section. 
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The following figure 49 is a photograph of the full test board with all the components mounted 

on it. 

 

Figure 49. Photograph of full phase shifter test board 

Figure 49 shows the 4 phase shifter sections mounted with components and the driver IC 

74AHC240 placed below them. The large IC with switches placed at the very bottom of the test 

board is the DIP switch IC. 

The control voltages for the 74AHC240 driver IC is provided by the DIP Switch IC. It has 4 

Single Pole Double Throw (SPDT) switches each switch controlling a single phase shifter 

section. The +5V supply to the DIP switch IC is provided with a series 100 kΩ resistor to reduce 

the current consumption. 

This full phase shifter was tested using network analyzer using the steps mentioned in the section 

3.1.3.5. The switch position of all the 4 SPDT were thrown up to select the High Pass section of 

all the phase shifter sections. Then the S-Parameter were saved from the network analyzer in the 

.s2p format file with the name “0000.S2P” representing the 0
0
 phase shifted path. Then the 2

nd
 

SPDT switch from left which corresponds to 22.5
0
 phase shifter section was switched down to 

provide 22.5
0 

phase shift. Then the S-Parameter were saved with the name “0001.S2P” which 

represents the 22.5
0 

phase shifted path. The same procedure was repeated for all other phase 

steps. 

The following figure 50 shows the schematic setup in ADS for using the measurements taken 

from the full phase shifter test board circuit with the network analyzer. 
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Figure 50. Schematic setup for full phase shifter test board 

Figure 50 shows that there are 16 paths each representing a single phase state starting from 0
0
 to 

337.5
0
. The zoomed image in figure 50 shows that the path between Term1 and Term2 has the 

SNP file name “0000.S2P”. This represents the 0
0
 phase shifted path. The next path between 

Term3 and Term4 with the SNP file name “0001.S2P” represents the 22.5
0
 path. Thus all the 16 

phase states are included in the schematic setup. 

The following figure 51 shows the insertion loss, input and output return losses of the phase 

shifter full test board tested with the network analyzer. 
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Figure 51. S-Parameter simulation of the full phase shifter test board 

The insertion loss plot in figure 51 shows the following variations: 

Variation at 800MHz = 22.204 - 21.983 = 0.221dB 

Variation at 1GHz = 23.021 – 22.505 = 0.516dB 

Maximum variation over the entire bandwidth = 23.021 – 21.983 = 1.038dB 

This variation is less than the maximum allowed variation of 2dB as specified in specifications 

table 2. 

Input return loss plot shows that the input return loss during all the phase steps are below             

-20.7dB over the entire bandwidth. Hence it is well below the specified limit of -15dB as given 

by the requirements. 

Output return loss plot shows that the output return loss during all the phase steps are below               

-15.534dB over the entire bandwidth. Hence it is just below the specified limit of -15dB as given 

by the requirements. 

The following figure 52 shows the all the 16 phase steps provided by this phase shifter circuit. 
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Figure 52. Phase states of the full phase shifter test board 

It can be seen that the phase steps almost flat over the bandwidth and are equally spaced. 

The following figure 53 shows the phase error and the average phase error plots. 

 

Figure 53. Phase error and average phase error plots of the full phase shifter test board 

The phase error and average phase error calculations are done using the equations (10) and (12) 

respectively. 

The phase error plot shows the following phase errors. 

Phase error at 800MHz = 0.289
0
 – (-3.543

0
) = 3.832

0
 



 65 

Phase error at 900MHz = 2.899
0
 – (-0.014

0
) = 2.913

0
 

Phase error at 1GHz = 1.335
0
 – (-1.367

0
) = 2.702

0 

The phase errors are below the maximum phase error of 5
0
. 

The average phase error plot shows that the phase error is distributed equally over the 

bandwidth. 

 

The following figure 54 shows the RMS phase error plot. 

 

Figure 54. RMS phase error plot of the full phase shifter test board 

The formula for calculation of the RMS phase error was same as the equation (13). The plot 

shows that the maximum RMS phase error is only 2.359
0
 which is way below the maximum 

allowed RMS phase error of 5
0
 as mentioned in the specifications table 2. 

Thus the simulation plots proves that the phase shifter circuit has achieved all the required 

specifications. 

The following table 6 gives the summary of component values for the High Pass and Low Pass 

sections of the phase shifter derived using ideal formula and the practical steps discussed above 

as a comparison. 
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Table 6. Summary of all the component values used and the calculated values using ideal formula 

Phase 

shifter 

section 

Components Calculated from 

ideal formula 

Actual/Used 

 HP/LP 900MHz 900MHz 

22.5 L1 89.774nH 47nH 

C1 18.129pF 56pF 

L2 1.725nH 3.3nH 

C2 0.348pF 0.3pF 

45 L1 44.451nH 24nH 

C1 9.242pF 15pF 

L2 3.384nH 4.7nH 

C2 0.704pF 0.5pF 

90 L1 21.346nH 13nH 

C1 5.002pF 8.2pF 

L2 6.252nH 6.2nH 

C2 1.465pF 1.6pF 

180 L1 8.842nH 5.6nH 

C1 3.537pF 4.7pF 

L2 8.842nH 7.5nH 

C2 3.537pF 3.6pF 

Thus the design of the phase shifter circuit for the frequency range 800MHz to 1GHz was 

completed successfully. 
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3.2 Research study of wide band phase shifters 

 

3.2.1 Specifications 

The specifications given for the study on wide band phase shifters is shown below. 

 Frequency range : 300MHz to 3000MHz 

 Phase shift range : 00 to 3600 

 Minimum phase shift step size: 22.50 

 No need for reciproctiy 

 No need for amplitude linearity 

 Not too complex to impletement (Quantification not yet done) 

 Low phase error / jitter (Quantification not yet done) 

 Fast reponse time (Quantification not yet done) 

 Preferable as an IC 

 Smaller die area (500um x 500um) in IC 

 

3.2.2 Research Study Approach 

This section explains the approach used for the research study. The sources and search terms along with 

the research papers which were found are explained initially. Later a comparison table has been made, 

summarizing the results from all the papers. 

 

3.2.2.1 Sources used for the study 

 IEEE Digital Library using NXP account  

- Link : http://nww.nxp.com/rd/ieee 

 Google scholars  

- Link : http://scholars.google.com 

 

3.2.2.2 Search terms used 

The following is the list of search terms used for finding papers in IEEE digital library and 

google scholars. 

 Phase shifter circuits 

 Vector modulator phase shifter 

 Phase shifter mmic  

 Phase shifter architecture 

 Digital phase shifter 

 Multi phase signal generation 

 Wide band phase shifter 

 2 D flip flop divider 2 

 Novel phase shifter 

 Multi phase clock generation 

 Phase shifter poly phase filter 

 Multi phase clock generation 

 Multi phase clock architecture  
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The search results from these search terms were explored to the point where the listed research 

papers in the later webpages were no longer related to our specifications or all the search results 

were fully explored. 

3.2.2.3 Classification of phase shifters 

This section explains the classification of phase shifter circuits. This classification hierarchy was 

designed after analyzing all the papers listed in section 3.2.2.4. The classification hierarchy is 

given before discussing the list of papers because it was required to relate the category in which 

the paper comes under along with the information about the paper in the next section. 

 The first stage of classification was done based on the type of signal processed. This stage 

classifies the wideband phase shifters into two categories. The first category circuits processes 

sinusoidal wave signal which were named as “Analog” representing analog circuits. The second 

category circuits processes square wave signal which were named as “Digital” representing 

digital circuits. The later stages of classification was done based on the phase shifting approach. 

 

Figure 55. Classification of wide band phase shifters circuit 

Figure 55 shows the classification of wide band phase shifter circuits using a flow chart. 
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3.2.2.4 List of most suitable research papers 

This section discusses the list of research papers found using the search terms given in the 

section 3.2.2.2. The papers are given with the paper‟s name, DOI (Digital Object Identifier) 

number, the category in which the papers comes under in the classification given in figure 55 and 

the search term with which the paper was found. 

1)  Paper name: An MMIC active phase shifter using a variable resonant circuit (and 

MESFETs) [7] 

DOI: 10.1109/22.795078 

Category: Analog  All pass filters 

Search term used: Phase shifter circuits 

 

2) Paper name: An ultra-broad-band reflection-type phase-shifter MMIC with series and 

parallel LC circuits [8] 

DOI: 10.1109/22.971634 

Category: Analog  Reflective termination 

Search term used: Phase shifter circuits 

 

3) Paper name: Novel Principle for Vector Modulator-Based Phase Shifters Operating With 

Only One Control Voltage [9] 

DOI: 10.1109/JSSC.2002.803014 

Category: Analog  Vector modulator 

Search term used: Vector modulator phase shifter 

 

4) Paper name: Low loss analog phase shifter using varactor diodes. [10] 

DOI: 10.1109/ICMMT.2007.381435 

Category: Analog  High pass filter 

Search term used: Phase shifter MMIC 

 

5) Paper name: A New Digital Phase Shifter Architecture Suitable for MMIC's [11] 

DOI: 10.1109/22.265544 

Category: Analog  Summation vector 

Search term used: phase shifter architecture 

 

6) Paper name: Printed and Integrated CMOS Positive/Negative Refractive-Index Phase 

Shifters Using Tunable Active Inductors [12] 

DOI: 10.1109/TMTT.2007.901076  

Category: Analog  Reflective Termination+/- Refractive index 

Search term used: phase shifter architecture 

http://dx.doi.org/10.1109/22.795078
http://dx.doi.org/10.1109/22.971634
http://dx.doi.org/10.1109/JSSC.2002.803014
http://dx.doi.org/10.1109/ICMMT.2007.381435
http://dx.doi.org/10.1109/22.265544
http://dx.doi.org/10.1109/TMTT.2007.901076
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7) Paper name: Digital frequency divider phase shifter (US Patent) [13] 

Patent number: 5,703,514 

Category: Digital  Counter based 

Search term used: digital phase shifter (scholar.google.com) 

 

8) Paper name: Cyclic-MPCG : Process-Resilient and Super-Resolution Multi-Phase Clock 

Generation by Exploiting the Cyclic Property [14] 

DOI: 10.1109/VLSI-DAT.2012.6212633  

Category: Digital  Delay Locked Loop  Analog Control Loop  

Search term used: multi phase signal generation 

 

9) Paper name: Wide-band Variable Transversal Phase-shifter [15] 

DOI: 10.1109/MWSYM.2003.1212606  

Category: Analog  Band pass filters 

Search term used: wide band phase shifter 

 

10) Paper name: Theory of Cross-Coupled RF Oscillator for Multi- and Quadrature-Phase 

Signal Generation [16] 

DOI: 10.1109/ICASIC.2003.1277383  

Category: Analog  Multi phase oscillator  Cross coupled oscillators 

Search term used: multi phase signal generation 

 

11) Paper name: A Novel Ultra High-Speed Flip-Flop-Based Frequency Divider [17] 

DOI: 10.1109/ISCAS.2004.1328967 

Category: Analog  D-FF based 

Search term used: 2 d flip-flop divider 2 (google.com) 

 

12) Paper name: A New DLL-Based Approach for All-Digital Multiphase Clock Generation 

[18] 

DOI: 10.1109/JSSC.2003.822890  

Category: Digital  Delay Locked Loop  Analog control loop 

Search term used: multi phase signal generation 

 

13) Paper name: A Novel Miniature 1–22 GHz 90 MMIC Phase Shifter with Microstrip 

Radial Stubs [19] 

DOI:  10.1109/LMWC.2007.915096  

Category: Analog  High Pass/Low Pass filters 

Search term used: novel phase shifter 

http://dx.doi.org/10.1109/VLSI-DAT.2012.6212633
http://dx.doi.org/10.1109/MWSYM.2003.1212606
http://dx.doi.org/10.1109/ICASIC.2003.1277383
http://dx.doi.org/10.1109/ISCAS.2004.1328967
http://dx.doi.org/10.1109/JSSC.2003.822890
http://dx.doi.org/10.1109/JSSC.2003.822890
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14) Paper name: A Fast-lock Synchronous Multi-phase Clock Generator based on a Time-to-

Digital Converter [20] 

DOI:  10.1109/ISCAS.2009.5117670  

Category: Digital  Time to Digital Converter 

Search term used: Multi phase clock generation 

 

15) Paper name: : A 1.5-V 3.2 Gb/s/pin Graphic DDR4 SDRAM With Dual-Clock System, 

Four-Phase Input Strobing,  and Low-Jitter Fully Analog DLL [21] 

DOI: 10.1109/JSSC.2007.906191  

Category: Digital  Delay Locked Loop  Analog Control Loop 

Search term used: Multi phase clock generation (obtained from the reference of paper no. 

14) 

 

16) Paper name: An Ultra-Compact, Linearly-Controlled Variable Phase Shifter Designed 

With a Novel RC Poly-Phase Filter [22] 

DOI: 10.1109/TMTT.2011.2177856  

Category: Analog  Vector modulator 

Search term used: Phase shifter poly phase filter 

 

17) Paper name: Design of Multi-phase Clock Generation & Selection Circuit for CDR [23] 

DOI: 10.1109/CSIE.2009.459  

Category: Digital  Delay Locked Loop  Digital control loop 

Search term used: Multi phase clock generation 

 

18) Paper name: 2.5GHz 4-phase Clock Generator with Scalable and No Feedback Loop 

Architecture [24] 

DOI: 10.1109/4.962286 

Category: Digital  Non feedback loop based delay elements 

Search term used: Multi phase clock architecture 

 

19) Paper name: A generalized timing-skew-free, multi-phase clock generation platform for 

parallel sampled-data systems [25] 

DOI: 10.1109/ISCAS.2004.1328208  

Category: Digital  Delay Locked Loop  Digital control loop 

Search term used: Multi phase clock architecture 

 

20) Paper name: A Low-Jitter Skew-Calibrated Multi-Phase Clock Generator for Time-

Interleaved  applications [26] 

DOI: 10.1109/ISSCC.2001.912690  

http://dx.doi.org/10.1109/JSSC.2003.822890
http://dx.doi.org/10.1109/JSSC.2003.822890
http://dx.doi.org/10.1109/JSSC.2007.906191
http://dx.doi.org/10.1109/TMTT.2011.2177856
http://dx.doi.org/10.1109/CSIE.2009.459
http://dx.doi.org/10.1109/4.962286
http://dx.doi.org/10.1109/ISCAS.2004.1328208
http://dx.doi.org/10.1109/ISSCC.2001.912690
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Category: Digital  Delay Locked Loop  Analog control loop 

Search term used: Multi phase clock architecture 

 

21) Paper name: A 5.4mW 0.0035mm2 0.48psrms-Jitter 0.8-to-5GHz Non-PLL/DLL All-

Digital Phase Generator/Rotator in 45nm SOI CMOS [27] 

DOI:  10.1109/ISSCC.2009.4977326  

Category: Digital  PPF based Quadrature clock generator 

Search term used: Multi phase clock architecture 

 

22) Paper name: A 2.6mW 370MHz–to-2.5GHz Open-Loop Quadrature Clock Generator 

[28] 

DOI:  10.1109/ISSCC.2008.4523255  

Category:  Digital  Summation vector 

Search term used: Multi phase clock architecture (from the reference of paper 21) 
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3.2.2.5 Summary and comparison of the research papers 

The following table 7 shows the summary and comparison of all the research papers listed in the 

section 3.2.2.4. The paper number mentioned in the first column of table 7 is in accordance to the 

serial numbers mentioned for the papers as in 3.2.2.4. 

Table 7. Summary and comparison of the research papers found 

Pa

pe

r 

no. 

Discrete/Inte

g-rated 

circuit 

Frequency 

range 

(GHz) 

Phase 

shift 

range 

per 

circuit 

(degre

es) 

Phas

e 

step 

(degr

ees) 

phas

e 

error 

(degr

ees) Short description 

Comments on adaptability 

to current requirement 

1 Integrated 1.4 to 3 

0-

360 30 4 

Replaced of 90
0
 

hybrid to shrink IC 

area. Uses variable 

L,C,R to change 

phase. 

Variable L, R and C 

doesn't have wide 

range [32] of values to 

fit our requirements. 

2 Integrated 0.5 to 30 

0-

180 90 

3 - 

7 

Switches between 

two networks with 

different reflection 

loss. 

Only supports 180 deg 

and 90 deg phase shift. 

3 Integrated - 

0-

130 - - 

Eliminates DAC 

usage in vector 

modulator. Single 

control voltage. 

Supported bandwidth 

is very low. 

4 Integrated 8 to 15 

0-

360 - 14 

Uses HPF with 

varactor diodes and 

changes phase with 

control voltage. 

Phase error is large at 

the corner frequencies. 

5 Integrated 

Frequen

cy 

indepen

dent 

0-

360 any - 

Phase interpolation is 

performed between 

two different phased 

signals using two 

transistors. 

Suits the requirements 

perfectly. 

6 Integrated 

1.65 to 

3.55 0-96 - - 

Uses active variable 

inductor tuned by 

voltage to change the 

refractive index. 

Variable L range not 

available [32]. Bad 

return loss at corner 

frequency. 

7 Integrated 

Frequen

cy 

indepen

dent 

0-

360 any  - 

Uses a dual modulus 

counter to switch 

between N and N-1 

division resulting in a 

phase shift 

Needs clock frequency 

at several times higher 

frequency than the 

output frequency. 

8 Integrated 

Frequen

cy 

indepen

dent 

0-

360 - - 

Uses TDE (Tunable 

Delay Elements) 

connected in series. 

TDE delay adjusted 

by feedback. 

Requires ADPLL and 

complex system to 

track the absolute 

delay of each TDE. 

9 Discrete 0.2 to 2 

0-

360 - <6 

Uses different TPS 

(Traversal phase 

shifter) functioning as 

Best suited for 

photonic applications. 
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filters & uses diode 

multiplier to combine 

signals. Switches 

between the TPS 

branches to shift 

phase. 

10 Integrated - 

0-

360 any - 

Mathematical 

explanation on 

generating multi 

phase by combining 

signal generators. 

Oscillator design is 

critical in terms of 

power spectrum and 

IC size 

11 Integrated 

Frequen

cy 

indepen

dent 

0-

360 

any 

deg

ree - 

Uses D flip flops 

connected in a loop to 

divide the input 

frequency and 

generate multi phase.  

Input clock frequency 

increases by n for 

every 2^n increase in 

number of phase step 

outputs. 

12 Integrated 

0.02 to 

0.085 

0-

360 - - 

Uses Digital 

Controlled Delay 

Line(DCDL) along 

with a control loop to 

provide varying 

delays to the clock 

signal. 

DCDL design gets the 

critical importance in 

terms of BW and 

phase step ranges. 

13 Integrated 1 to 22 0-90 

22.

5 3 

Basically a HPF/LPF 

network. Uses series 

of 22.5
0
 sections. 

Uses microstrip stub 

capacitors to increase 

frequency range. 

Results in very large 

chip area due to 

microstip radial stubs. 

14 Integrated 

0.4 to 

1.22 

0-

360 - - 

Uses ring oscillator. 

Uses edge detection 

of each inverter 

output. Delay can be 

selected through a 

multiplexer. 

Design of delay 

elements is critical. 

Adaptable to fit 

requirements. 

15 Integrated 

0.075 to 

1.85 

0-

360 - - 

Uses feedback loops 

containing voltage 

controlled delay line, 

phase detector, 

charge pump and a 

loop filter. Generates 

quadrature phase. 

Uses a complex digital 

control loop to 

generate quadrature 

phases. Need other 

methods to generate 

intermediate phase 

steps. 

16 Integrated 1 to 2.1 0-90 - 1 

Works based on a 

vector modulator 

with I & Q signals 

generated from PPF. 

Very less bandwidth 

supported. 

17 Integrated - 

0-

360 - - 

Uses a PLL circuit to 

generate 16 clock 

phases and 

mechanism to select 

quadrature phase 

from it. 

Needs design of multi 

phase clock generator. 

Frequency range 

adaptable. 
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18 Integrated 

1.5 to 

2.8 

0-

360 - 5 

Uses a series of delay 

elements and clock 

skew elimination 

blocks to generate the 

quadrature phases 

The delay elements 

needs to be adjusted to 

suit the required 

bandwidth of 

operation 

19 Integrated - 

0-

360 - - 

Uses a mod 4 ring 

counter to generation 

different phased 

signals. Uses jitter 

reduction methods 

using feedback loop. 

Needs optimization of 

delay elements to 

adapt to frequency 

range. 

20 Integrated 

0.01 to 

0.3 

0-

360 - - 

Uses ring counter and 

phase comparison 

mechanism to adjust 

delay of inverters 

used in ring counter. 

Involves design of ring 

counter which can 

operate at the 

bandwidth of interest. 

21 Integrated 0.8 to 5 

0-

360 9 - 

Uses poly phase 

filters to interpolate 

[29] signals with 

different phase. 

Generate quadrature 

phase with each of 

the 4 outputs 

modifying phase 

from 0
0
 to 90

0
. 

Needs design of 

voltage controlled 

delay elements which 

have wide linear delay. 

22 Integrated 

0.37 to 

2.5 

0-

360 90 1 

Uses serially 

connected circuits 

which interpolate 

[29] signals from 

different nodes to 

generate perfect 4 

output signals with 

90
0
 phase spacing 

between them.  

Needs an extra 

mechanism to generate 

intermediate phases 
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3.2.3 Basic principle of most suited circuit 

The paper named “A New Digital Phase Shifter Architecture Suitable for MMIC's” [11] 

described under serial number 5 in table 7 has a very efficient and innovative solution for our 

requirement.  

The working of the circuit explained in this paper can be described using the following figure 56. 

 

Figure 56. Description of circuit concept in paper [11] 

In figure 56, the circle represents the normalized amplitude of the signal referenced to unity. 

The papers [11] says that if two signals with same frequency and unit amplitude but with 

different phase shifts say Ѳ and ф (represented in figure 56 as “Input signal w/ Ѳ” & “Input 

signal w/ ф”) phase are interpolated [29], then the output signal will be having a phase shift of 

(Ѳ+ф)/2 (represented in figure 56 by the line having an angle (Ѳ+ф)/2 in reference to line 

labeled “Input signal w/ phase ф”). 

Note: Here the term „interpolation‟ refers the phenomenon in which 2 voltage levels are 

combined and the resultant voltage will have a voltage value which is an average of the 2 input 

signals. This interpolation phenomenon can be used to provide phase shift if the two signal with 

different phases are used as inputs. 

The paper [11] mentions that, to use this interpolated output phase shifted signal in a feedback 

loop we need an amplitude control function. This amplitude control function should 

1) Amplify the interpolated signal to have unit referenced amplitude in case the original 

signal has low amplitude than unit value. 

2) Attenuate the interpolated signal to have unit referenced amplitude in case the original 

signal has high amplitude than unit value. 
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This amplitude control function is represented in the figure 56 alongside the output signal with 

phase (Ѳ+ф)/2. 

In paper [11] the interpolation operation is done by two Common Source CMOS amplifiers. The 

two transistors in the circuit take the input signals as voltages at the „Gate‟ of transistor. They 

add the resulting current signal which flows from the „Drain‟ to „Source‟ at the „Drain‟ of the 

transistor. The two input signals can be represented as vectors which are being summed by this 

circuit. This is basically a summing circuit; hence the name “summation vector” is given as the 

name of its category in the figure 55. 

Note: The summation of signals at a single node can only be done in current domain, hence the 

voltage to current conversion of signals is required for summation. The transistor is performing 

this voltage to current conversion function. 

The following figure 57 from [11] explains the basic structure which performs phase 

interpolation. 

 

Figure 57. Basic structure which performs phase interpolation [11] 

In the figure 57, I1 and I2 are equal amplitude signals with different phases which can be 

represented as: 

I1= |A| (Ѳ) and I2 = |A| (ф)      (14) 

Here „A‟ represents the amplitude of the signal. 

         „ф‟ & „Ѳ‟ represents the input signal‟s phases. 

The amplitude controlled output signal can be represented as 

∑ = |A| (1/2(Ѳ+ф))       (15) 

If this basic structure is combined in a feedback structure as depicted in the following figure 58, 

then we can generate phase shifted signals with 45
0 

phase steps. 

 

Figure 58. Feedback structure [11] 
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The blocks represented with a label „∑‟ is the representation of the basic structure mentioned in 

figure 57. The name „∑‟ is used, because the circuit performs summation function. This cascaded 

structure can be expanded to have more interpolating stages which will result in even smaller 

phase steps [11]. 

 

3.2.4. Verification of summation circuit using system level design 

In this section, the verification of the circuit mentioned in paper [11] is discussed. System level 

design was chosen to verify the circuit, because it will give an idea of the critical parameters in 

the circuit design without going into the transistor level design. Cadence Virtuoso was used to 

model the system level circuit. 

As explained in the section 3.2.3, the feedback circuit mentioned in figure 58 requires a 

summing circuit and an amplitude control circuit for its proper functioning in the feedback loop. 

 

3.2.4.1 Summing circuit 

The summing circuit can be modeled using VCCS (Voltage controlled current source).  The 

following circuit in figure 59 shows the summation circuit built using the VCCS component. 

 

Figure 59. Summation circuit 

The input signal was given by the voltage sources V0 and V1 with 1KHz frequency. The voltage 

signals from V0 and V1 have a voltage swing with positive and negative values around the 0 V 

level. The VCCS G0 and G1 convert the voltage signal into current signal and add them at the 

node marked as “Out”. 

To see why an amplitude control circuit is required, let us analyze the “Out” signal with an input 

signal of 0.5Vpeak at V0 (with 0
0
 phase shift) and an input signal of 1Vpeak at V1 (with 90

0
 phase 

shift). 

The following figure 60 shows the output waveform of this setup. 
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Figure 60. Response of summation circuit 

Marker M1 shows the positive peak voltage of signal from V0 as to be closer to 1V. 

Marker M3 shows the positive peak voltage of signal from V1 as to be closer to 0.5V. 

The phase interpolated signal shown by the brown colored waveform has a phase between the 

two input signals but has a positive peak voltage of only 0.558V as shown by marker M2. 

If this kind of summation circuit is cascaded to form a feedback system, the output signal will 

decrease at each stage and eventually there will be no signal in the feedback system. Hence there 

is a need for an Amplitude Control Circuit. 

 

3.2.4.2 Amplitude Control Circuit 

The Amplitude Control Circuit (ACC) has to amplify the signal when the amplitude of the signal 

is below a reference value (here, reference value =unit amplitude) and attenuate the signal if it is 

above a reference value. 

The circuit which was built for the ACC purpose is shown in the next figure 61. 

 

Figure 61. Amplitude Control Circuit 
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3.2.4.2.1. Current to voltage conversion 

The first stage of the ACC is a resistor (0.5Ω) which converts the summed current signal into a 

voltage signal. This is shown in the following figure 62. 

 

Figure 62. Resistor used for current to voltage conversion 

The value of the resistor is chosen as 0.5Ω. This is because, the current provided by both the 

voltage sources are summed. If this summed current is passed through a 1Ω resistor then it will 

result in a voltage signal across the resistor which is sum of the voltages from two voltage 

sources. But the amplitude should be unity (normalized value).  

For example if in1 and in2 has a maximum of 2 Vpeak to peak voltage signals, then the output also 

should have 2 Vpeak to peak. Hence passing through 0.5Ω resistor divides the voltage by ½ and 

gives equal output voltage as that of the input voltage sources. 

In figure 62, the wire labeled “interm” carries this output voltage signal. 

 

3.2.4.2.2. Variable Gain Amplifier 

The next stage in ACC has a multiplier which represents a Variable Gain Amplifier (VGA). The 

following figure 63 shows the structure of the multiplier. 

 

Figure 63. Variable Gain Amplifier represented by a multiplier 
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The multiplier takes the summed output signal in the form of voltage and multiplies it with the 

voltage provided by the integrator output “int1” (Integrator circuit discussed in later section) and 

provides at the output port. 

Hence the transfer function of the the multiplier shown in figure 63 can be written as, 

  Out = interm x int1        (16) 

 
   

      
             (17) 

In equation (16) and (17), the signal “interm” is the input and ”Out” is the output. Thus the gain 

of this circuit is “int1” which can be varied. Hence it is equivalent to an VGA. This gain variable 

“int1” is controlled by the integrator. 

 

3.2.4.2.3. Absolute function 

The next stage in the ACC is a component from “functional library” of Virtuoso called 

“Absolute”. This is shown in the following figure 64 along with its connection to the multiplier 

block. 

 

Figure 64. Absolute block 

All the signals used in this experiment have both positive and negative voltage swing around 0 

Volt DC level. Hence the mean DC voltage of this signal will be 0 Volt [5]. This mean DC 

voltage level will not change other than 0 Volt if the peak to peak voltage of the signal vaires. If 

the signal is passed through this Absolute block (ABS as in figure 64), then the negative voltage 

swing will be made into positive swing and the positive voltage swing will remain unaffected. 

Now this signal will have an average DC voltage level directly proportional to the peak voltage 

of the signal. We need this mean DC value measurement to quantify the dynamic peak amplitude 

of the output signal. Hence the absolute block was used. 

The following figure 65 shows waveforms in accordance to the above described theory. 
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Figure 65. Mean DC value of signals 

The DC level was measured using a Low Pass Filter with cut off freq at 1Hz. The schematic 

setup is shown in Appendix III. 

The upper plot shows a sine wave with 1 Vpeak(Vpeak shown by marker M3) having a DC level in 

the range of 1.3mV (shown by marker M4) which is very close to 0 Volt compared to the peak 

voltage. 

The lower plot shows the signal passed through the Absolute block with all positive swing. It has 

a 1 Vpeak (shown by marker M5) but has a DC level in the range of 0.635V (shown by marker 

M6). This DC level is proportional to the Vpeak of the signal. This mean DC level was utilized in 

the next stage. 

 

3.2.4.2.4. Error Amplifier 

The next stage in the ACC is a “error amplifier” built by a “subractor” block from “functional 

library” of Virtuoso. The following figure 66 shows the error amplifier setup. 

 

Figure 66. Error amplifier 



 83 

It is clear from the previous section that a 1 Vpeak signal has a DC level of around 0.635 V. Since 

the output signal should have 1 Vpeak, this DC signal should be compared with a DC source with 

0.65V (approximately equal to 0.635V)  voltage output which will be the reference voltage. Thus 

a error voltage will be generated when the output signal is not equal to 1 Vpeak. 

The wire labeled “err” in figure 66 carries the error signal. 

 

3.2.4.2.5. Integrator 

The next and final stage in the ACC is an integrator. The following figure 67 shows the 

integrator setup. 

 

Figure 67. Integrator 

The error signal is being integrated by the integrator and this signal will be fed to the multiplier 

(VGA) as a gain parameter „int1‟ as in figure 63.  

The interator was built using an OPAMP block from the “functional library” of Virtuoso and by 

connecting R and C components in feedback.  

A simplified integrator circuit build with an OPAMP is shown in the following figure 68. 

 

Figure 68. Integrator block diagram 

Courtesy: http://www.eetimes.com/design/analog-design/4010066/Signal-Chain-Basics-Part-18--The-op-amp-as-

integrator 

From figure 68, the gain of the integrator can be written as shown in equation (18) below. 
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       (18) 

Before designing the R and C values of the integrator, it is necessary to look at the transfer 

function of the whole Amplitude Control Circuit in order to calculate the time constant of the 

feedback loop. 

The following figure 69 shows simplified feedback loop which is equivalent to the Amplitude 

Control Circuit. 

 

Figure 69. Representation of ACC feedback loop 

The ACC has a negative feedback loop system. Here the gain of Variable Gain Amplifier (VGA) 

and Absolute block will be unity at a stable state. 

In figure 69, it might seem contractory to put the VGA with only two ports, as against the VGA 

representation in figure 63, which has 3 ports. To calculate the transfer function of the feedback 

loop, the part of the circuit where the feedback signal is flowing was considered. Including the 

output signal from the summation circuit as a input signal to the VGA, will increase one variable 

in the equation and complicates the derivation. More over the main aim of this approach is to 

calculate the time constant of the whole loop, hence this approach was enough to provide the 

accurate time constant. 

The transfer function (TF) derivation is given below: 

TF of Integrator can be represented as 

    
 

 
        (19) 

In equation (19) „K‟ is the DC gain of integrator which is given by equation (18) and „s‟ 

represents the integration function in s domain. 

Loop gain of the feedback loop shown in figure 69 can be written as 

          
 

 
               (20) 

In equation (20) „Kvga‟ is the gain of VGA and „Kabs‟ is the gain of Absolute block. As 

discussed above, both of these variables are unity. 

Hence the loop gain shown by equation (20) will become as represented by equation (21) below. 

          
 

 
      (21) 

The TF of whole negative feedback system in figure 69 can be written as shown by equation (22) 

below. 

    
                 

           
     (22) 

 In the feedback system in figure 69, 
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     (23) 

 

 

Substituting equation (23) in equation (22), the TF becomes, 

    
 

 

  
 

 

      (24) 

Equation (24) can be simplified as,  

   
  

  
 

 

      (25) 

In a negative feedback system the typical 1
st
 order transfer fucntion can be represented as, 

   
               

    
      (26) 

In equation (26) τ represents the “time constant”. 

Comparing the derived TF in equation (25) with the typical 1
st
 order TF in equation (26), it is 

possible to determine the time constant of our feedback system, which is, 

   τ 
 

 
       (27) 

From equation (27), it can be seen that the time constant „τ‟ of the whole feedback system 

depends on the DC gain „K‟of the integrator. 

The test circuit uses a signal which has 1KHz frequency or 1ms time period for a single wave. 

The time constant of the feedback system should be much slower than the signal frequency, 

otherwise the output signal will be saturated by the feedback loop. 

Let the time constant of the system be τ=10ms which is 10 times the signal period. 

Hence gain of integrator can be determined by inverting the equation (27) as, 

  
 

 
 

 

   
              (28) 

Using equation (18) which expresses the DC gain „K‟ using R and C values, we can write,                                                      

   
 

  
                      (29) 

Now it is possible to calculate the values of R and C from equation (29). 

Let C=1pF     
 

      
          (30) 

The open loop gain of the Opamp should be ideally very high. Hence the open loop gain of the 

opamp was chosen as     arbitarily, which is a very high gain value. 

 

Summary of the integrator design: 

Open loop gain of Opamp =     

R= 10 GΩ 

C = 1 pF 

During the simulation, it was found that the integrator circuit built with the OPAMP component 

from “functional” library of virtuoso starts with a very high output voltage value at simulation 

time t=0 s. 
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Because of this high value at the output of integrator, the output signal „int1‟ becomes saturated 

to a very high value. To avoid this issue and to get around this problem, a switch was used to 

short circuit the feedback capacitor in the integrator circuit for a short instance of time. Because 

of this short circuit path between input and output of the Opamp, the integrator behaves like a 

unity gain amplifier and the output follows the input for a short interval of time defined by the 

switch. 

 

The following figure 70 distinguishes the short circuiting switch in the integrator circuit. 

 

Figure 70. Integrator with short circuiting switch 

The above figure 70 shows the use of “voltage controlled switch” component to short circuit the 

feedback capacitor of integrator. The switch is controlled by a pulse voltage which is ON for 

11ms (arbitrary value), then becomes OFF. Hence for 11ms the integrator circuit has a unit gain 

feedback and will functions as a unity gain amplifier. After 11ms the short circuiting switch is 

disconnected and the capacitor comes into the feedback of the OPAMP and the integrator circuit 

begins the integration operation. 

The following figure 71 shows the output of the integrator with this setup. 
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Figure 71. Output response of integrator circuit with short circuiting switch 

The figure 71 shows that at time t=0s the integrator output is 1.27V without any input signal. If 

this voltage level is given to the VGA as gain parameter, then the output of the VGA will 

increase. This will result in more error voltage out of the error amplifier, which would lead to 

increase in integrated voltage due to increase in error voltage.  Thus this would result in a 

positive feedback and the system will start oscillating and the outputs will get saturated to 

maximum values. Hence the “short circuiting switch” was used to reduce the initial output 

voltage of the integrator. 

In figure 71, immediately at next simulation time after t=0s step the integrator‟s feedback 

capacitor is short circuited by the switch and the ouput follows the input signal which in pico 

volts range. The input signal is low during this time, because the gain variable of the VGA 

(modeled by multiplier component) is set by integrator output which has been reset to pico volt 

range at time t=0s. After t = 11ms, the short circuiting switch is disconnected and  the integrator 

circuit is complete with its feedback capacitor. Hence the integrator starts to integrate the error 

signal. 

Thus the summation circuit and amplitude controlling ciruit functions to have constant unit 

amplitude at the output, along with the phase interpolation funtion. 
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3.2.4.3. Test Bench for summation and amplitude control circuit 

The circuit was made into a „cell‟ in Virtuoso and tested using test bench shown in the following 

figure 72. 

 

Figure 72. Test bench schematic for the summation and ACC circuit 

The testbench shows that the input voltage source V0 has a low voltage swing of 0.5 Vpeak with 

0
0
 phase shift. The voltage source V2 has 1 Vpeak with 90

0
 phase shift. 

The following figure 73 shows the output waveform at simulation time between t=21ms to 

t=25ms. 

 

 

Figure 73. Output wave form of Test bench schematic 

The figure 73 describes the following waveforms: 

- “Out” signal (interpolated output waveform). 

- “Input signal from V2” which is 90
0
 phase shifted compared to V0 and a peak amplitude 

of 1V. 

- “Input signal from V0” which is 0
0
 phase shifted compared to V2 and a peak amplitude 

of 0.5V. 
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At simulation time between t=21ms to25ms the output wave form has not reached the full 1Vpeak 

amplitude, and it is being amplitude corrected by the ACC continuously at every time step. Since 

the feedback loop takes a certain number of time constants to settle down, the wave form hasn‟t 

been amplitude corrected to have unit amplitude. 

 

Figure 74. Output wave form of Test bench schematic 

The above figure 74 shows the ouptut waveform between simulation time t=649ms to t=653ms. 

The output waveform ( “Out”) has been amplitude corrected and it has reached unit amplitude of 

1 Vpeak. Thus after a certain settling time of the feedback loop, the output signal is amplitude 

corrected to have full 1 Vpeak amplitude. 

This proves that the feedback loop works perfectly and corrects the output signal‟s amplitude 

properly independent of the input signal‟s amplitude. 

 

3.2.4.4 Cascaded Structure 

After the basic structure of the phase interpolation circuit was built, the „cells‟ were cascaded to 

form the feedback structure as described in [11]. 

The following figure 75 compares the cascaded structure example shown in the paper [11] and 

the circuit built in this work. 

 

 

 

 

 

 

 



 90 

 

 

 

Figure 75. Schematic with feedback structure built using basic cells 

The first stage of the cascaded structure shown in the upper section of figure 75 was replaced by 

the voltage sources V0 and V7 which provide 0
0
 and 180

0
 phase shifted sinusoidal signals 

respectively.  

The basic phase interpolation structure explained in the previous section was a single ended 

output structure. Hence it won‟t able to perform the differential output function as required by 

the first stage of the cascaded structure where a 0
0
 signal was taken as input and 0

0
 & 180

0
 

differential signals are produced as output. This is why two voltage sources are used to replace 

the first stage of the cascaded structure. 

The most important waveform which needs to be analyzed is the “deg90” signal which 

corresponds to the 90
0
 phase shifted signal. This is because the “deg90” is the only feedback 

signal in the schematic. 

The following figure 76 shows the “deg90” signal from the simulation time t=0s to t=1s when 

the input sources V0 and V7 provides 0
0
 and 180

0
 phase shifted sinusoidal signals respectively. 
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Figure 76. Response of “deg90” signal of the cascaded structure 

The above figure 76 shows that the “deg90” signal is being in the pico volts range. This implies 

that the “deg90” does not start producing signal at all. 

The following figure 77 shows the waveforms of the input signals namely “deg0” and “deg180” 

and the output signals namely “deg45”, “deg135” and “deg90”. 

 

Figure 77. Output response of the cascaded structure 

The signals with full +1Vpeak and -1Vpeak swings are the input signals from the voltage sources 

V0 and V7 which are 0
0
 and 180

0
 phase shifted. The output signals “deg45” and “deg135” are 

shown in the figure with labels. These two signals are supposed to have 45
0
 and 135

0
 phase 

shifts. 
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The “deg45” is produced by one of the first stage phase interpolating cells which takes 0
0
 and 

90
0 

signals to interpolate and provide a output signal with phase shift of 45
0
 (output phase = 

(0
0
+90

0
)/2 according to equation (15) ). 

But since 90
0
 signal from the “deg90” does not carry any voltage swing, the output signal at this 

stage is produced with 0
0
 phase shift (in phase with the input signal (0

0
) which has a non zero 

voltage swing).  

The same happens with  “deg135” signal, where the 180
0
 and 90

0
 signals are interpolated to 

produce the 135
0
 signal. But since 90

0
 signal is not present it becomes 180

0
 phase shifted (in 

phase with the input signal (180
0
) which has a non zero voltage swing). 

Finally at the second stage of the cascaded system, the “deg45” and “deg135” which has 0
0 

and 

180
0
 phase shifted signals are combined. Since they are out of phase signals, they cancel each 

other to produce 0 V output without any signal. 

It can be confusing here why the phase interpolation explained for “deg45” and “deg135” signals 

does not follow the equation (Ѳ+ф)/2. The reason for this is explained in Appendix IV . 

The same setup was provided with input signals having phase shift of 0
0
 and 179

0
 (1

0
 phase error 

at one of the inputs). 

The following figure 78 shows the output waveform obtained at the “deg90” signal with this 

input signals. 

 

Figure 78. “deg90” output response with 1
0
 phase error at input 

The figure 78 shows that the “deg90” signal has a proper sinusoidal signal which starts to get 

amplitude corrected with time. The reason for the sinusoidal signal at “deg90” is due to the fact 

that “deg45” and “deg135” does not carry perfect out of phase signals when “deg90” has almost 

0 V signal in the beginning of simulation. This is due to the 1
0
 error we introduced between the 

input signals. The perfect out of phase signals in “deg45” and “deg135” was the reason why the 

“deg90” did not have any signal as in figure 76. 

The following figure 79 shows the waveforms of “deg0” and “deg180” which are inputs and 

“deg45”, “deg135” and “deg90” which are the output signals. 
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Figure 79. Output waveforms of cascaded structure and phase measurement plot 

The upper plot shows that all the input and output signals are properly phase shifted with equal 

intervals. The lower plot in figure 79 measures the phase shift between 0
0
 input signal “deg0” 

and 90
0
 output signal “deg90” using the following formula in calculator of Virtuoso (ADE). 

                   (    )        (     )     
  

     ( )
  (31) 

Using this formula it is possible to compute the phase shift between “deg0” and “deg90” in 

degrees. The phase shift measurement plot shows the accurate phase shift only at the middle of 

the flat region (in which the markers are placed), which corresponds to the point which is exactly 

at the middle between the zero crossings of the two signals. 

The phase shift measurement plot shows the phase shift between “deg0” and “deg90” as 89.4
0
 

shown by the markers M4 and M5 in figure 79. This is not equal to 90
0
 due to the 1

0
 error which 

was introduced in the input signals. The 1
0
 error being introduced at the input stage can be 

provided in a practical circuit by an variable delay element. Constant delay element will result in 

the phase error being introduced differing while changing the frequency. The variable delay 

element needs to take this factor into account. 

There was a novel phase error correction technique done during this thesis work, but it is not 

being provided here due to company‟s confidential policy. 

Thus this circuit proves that it can perform as a phase shifter with very high accuracy. This 

circuit has very large bandwidth. This is because the circuit operation depends on the transistors 

to perform the summation function and the transistors have very high bandwidth of operation. 
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4  RESULTS  

 

4.1. Phase shifter circuit design (800MHz to 1000MHz) 

The following table 8 shows the list of measured values from the full phase shifter test board and 

compares it against the preferred value given in the specifications. 

Table 8. Results 

Parameter Measured Value Value given in 

specification 

Maximum Insertion Loss change 

over the bandwidth (dB) 

1.038 2 

Maximum Insertion loss  change 

at a particular frequency(dB) 

0.516 - 

Maximum Input Return Loss 

(dB) 

-20.7 -15 

Maximum Output Return Loss 

(dB) 

-15.534 -15 

Maximum Phase Error  

(degree) 

3.832 - 

Maximum RMS Phase Error 

(degree) 

2.359 5 

From the table 8, it can be seen that the phase shifter design has achieved all the parameter 

within the specified value. The RMS phase error shown in the table 8 proves that this design has 

a very good performance in terms of phase shift. 

4.2 Study on wide band phase shifter circuits (300MHz to 
3000MHz) 

The setup shown in figure 75 which has the summation circuit and the phase error correction 

circuit works perfectly with an minor phase error which can be corrected using an variable delay 

element. The results can be seen from the plot shown in figure 79. Phase measurement plot in 

figure 79 shows that the two output signals have almost perfect 90
0
. 

The bandwidth of operation of the cascaded structure was very difficult to analyze. This is due to 

the fact that this circuit works at a particular stable state after the amplitude correction circuit has 

corrected the signal to full amplitude. Hence it was not possible to measure the bandwidth of the 

circuit using normal AC analysis of the circuit. 

Hence the circuit setup in figure 75 was fed with two different frequencies which are far apart. 

Thus the result would prove that the cascaded structure works for a very wide frequency range. 

The following figures 80 and 81 shows the results obtained at the two different input signal 

frequencies namely 1 KHz and 1 MHz which are at 1000 times apart. 

The following figure 80 shows the input signal “deg0” and the output feedback signal “deg90” at 

1KHz frequency and the phase measurement plot which measures the phase difference between 

“deg0” and “deg90”. 
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Figure 80. Response of summation circuit with 1KHz input signal frequency 

Figure 80 shows the phase difference between the signals “deg0” and “deg90” are about 89.3
0
 

(as shown by the markers M3 and M4 in the figure 80). 

The following figure 81 shows the input signal “deg0” and the output feedback signal “deg90” at 

1MHz frequency and the phase measurement plot which measures the phase difference between 

“deg0” and “deg90”. 

 

Figure 81. Response of summation circuit with 1MHz input signal frequency 

Figure 81 shows the phase difference between the signals “deg0” and “deg90” are about 89.1
0
 

(as shown by the markers M5 and M6 in the figure 81). 

It was very difficult to simulate higher frequencies of about 1GHz input signal. This is because 

the circuit was design with a start up time of 11ms (for the integrator) and will take several times 

constants of the integrator to settle to final value (about 250ms). Hence a 1GHz signal which has 
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a time period of 1ns would require huge amount of time and simulation memory space to 

complete the simulation in Cadence Virtuoso. Hence 1GHz input signal was not simulated. 

But from the waveforms in figure 80 and 81, it was clear that the circuit can handle frequencies 

which are even 1000 times higher than the initial designed frequency. 

Thus, it can be confirmed from the results obtained through figure 80 and 81 that this cascaded 

summation circuit can work at a very wide range of frequencies. 
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5  DISUSSION AND CONCLUSIONS 

 

5.1 Phase shifter circuit design (800MHz to 1GHz) 

 

The phase shifter design achieved the performance parameters better than the previous work 

done at 2.4GHz to 2.5GHz ISM band. The following table 9 shows the comparison between 

these two works. 

Table 9. Comparison of phase shifter design 

Reference Frequency 

(GHz) 

RMS phase 

error (degrees) 

Maximum 

Insertion loss 

variation (dB) 

Maximum 

Return losses 

(dB) 

[3] 2.4 - 2.5 4.1 1 -13 

This work 0.9 – 1 2.4 1.03 -15.5 

The maximum power consumed by this circuit was about 85mW. Thus the phase shifter circuit 

achieved very high performance in terms of phase error with very less power consumption. 

The size of the full phase shifter circuit is 4.9 x 5.3 cm [3]. Thus the circuit occupies very less 

space besides having very high performance. 

5.2 Study on wide band phase shifters (300MHz to 3GHz) 

The research study of wide band phase shifters discusses the result of this work in table 7. This 

table can be utilized as a guide while designing a wide band phase shifters at a particular 

frequency with a certain circuit topology. The verification work done on the circuit described in 

paper [11] proved that this summation circuit works and provides perfect phase shift. 

The phase error present in the final output can be minimized by providing minimal phase error at 

the input. This input phase error being introduced needs to be optimized in order to support the 

circuit‟s operation at wide range of frequencies.  
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6  RECOMMENDATIONS AND FUTURE WORK 

 

6.1 Phase shifter circuit design (800MHz to 1GHz) 

From the phase shifter design work done in this thesis work and the previous work done in [3], it 

can be seen that the phase error, insertion loss variation and return loss variation of the 180
0
 

phase shifter section dominates over all the other sections. The phase error of 180
0 

cannot be 

reduced even at the expense of more insertion loss and return loss. This results in the overall 

performance of the full phase shifter circuit being degraded. 

The solution to this problem could be by using two 90
0
 phase shifter sections instead of a single 

180
0 

section. This would result in adding an extra space for a phase shifter section in the current 

circuit layout and would slightly increase the power consumption. But the overall phase error 

and the losses could be greatly improved. 

This could be the future work required on this phase shifter circuit. 

6.2 Study on wide band phase shifters (300MHz to 3GHz) 

The research study done on this thesis work verifies the circuit given in only one paper [11]. Due 

to the time constraint during this work, the verification of circuits in other research papers was 

not carried out. 

The circuit topologies like vector modulator discussed in [9] and quadrature phase generation 

circuit discussed in [28] are circuits which have great potential to function in wide band 

frequencies. The future work could be done on verification and implementation of one of these 

circuits. 
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APPENDIX A: SUPPLEMENTARY INFORMATION 

 

I Short notes on S-Parameters: 

S-Parameter or Scattering parameters is a domain which quantifies the behaviour of the RF 

systems. This S-parameter can represent two kind of losses for any RF system. The two kind of 

losses are insertion loss and return loss. The following figure shows a 2 port network and the 

associated S-parameters. 

 

Figure A.1. 2 port RF network 

Source: http://www.microwaves101.com/encyclopedia/sparameters.cfm 

 

Above figure shows a two port network which has the ports named as 1 and 2.  

Port 1 has the ingoing signal represented by „a1‟ and outgoing signal represented by „b1‟. 

Port 2 has the ingoing signal represented by „a2‟ and outgoing signal represented by „b2‟. 

The reflection loss is a parameter which quantifies the amount of signal reflected back at a port 

in comparison with the amount of signal sent through it. 

The reflection loss at port 1is represented by the S-parameter S11which can be written as, 

     
  

  
 

The reflection loss at port 2 is  represented by the S-parameter S22 which can be written as, 

     
  

  
 

The return loss is a parameter which quantifies the amount attenuation or gain the signal sent 

from one port to other experiences. 

The return loss from port 1 to 2 is represented by the S-parameter S12 which can be written as, 

     
  

  
 

The return loss from port 2 to 1 is represented by the S-parameter S21 which can be written as, 
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II.1 Design of 22.5
0
 phase shifter: 

Simulation with ideal values: 

Low Pass component values: L1 = 89.774nH, C1 = 18.129pF 

High Pass component values:  L2 = 1.725nH, C2 = 0.348pF 

 

Figure A.2. Ideal circuit schematic 

 

Figure A.3. Ideal circuit S parameter simulation 
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Simulation with murata components: 

Murata components used to replace the ideal components: 

Low Pass components L1= 1.8nH (LQG18HN1N8S00), C1 = 0.4pF (GRM0225C1CR40CD05) 

High Pass components L2 = 91nH (LQW18AN91NG00), C2 = 18pF (GQM1875C2E180GB12) 

 

 

Figure A.4. HP/LP schematic with murata components 
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Figure A.5. S-Parameter simulation of circuit with murata components 

 

Simulation with switch and murata components: 

 

 

 

Figure A.6. Schematic setup with BAP51_04W switches and HP/LP sections biased to select HP section 
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Figure A.7. S-Parameter simulation of circuit with BAP51_04W switch and murata components 

Simulation with layout: 

Optimized component values: 

Low Pass components L1= = 6.2nH (LQW18AN6N2C00), C1 = 1.6pF 

(GQM1875C2E1R6BB12) 

High Pass components L2 = 13nH (LQW18AN13NG00), C2 = 8.2pF 

(GRM0335C1H8R2DD01) 
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Figure A.8. Schematic setup with layout file showing the Attenuator and HP/LP sections 
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Figure A.9. S-parameter response of the schematic setup with layout 

Simulation in phase shifter test board with attenuator: 

Optimized value: 

Low Pass section values: 

L1= 3.3nH (LQG18H3N3S00) 

C1= 0.1pF (GQM1875C2ER10BB12) 

High Pass section values: 

L2 = 47nH (LQW18AN47NG00) 

C2 = 56pF (GRM1885C1H560JA01) 

 

 

Figure A.10. Schematic setup for test board with attenuator 
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Figure A.11. S-parameter simulation of test board with attenuator 

 

 

 

Simulation with phase shifter test board without attenuator: 

 

Figure A.12. Schematic setup for test board without attenuator 
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Figure A.13. S-parameter simulation of test board without attenuator 
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II.2 Design of 45
0
 phase shifter: 

 Simulation with ideal values: 

Low Pass component values: L1 = 3.384nH, C1 = 0.704pF 

High Pass component values:  L2 = 44.451nH, C2 = 9.242pF 

 

Figure A.14. Ideal circuit schematic 

 

Figure A.15. Ideal circuit S parameter simulation 

Simulation with murata components: 

Murata components used to replace the ideal components: 

Low Pass components L1= 3.6nH (LQW18AN3N6C00), C1 = 0.7pF (GRM0225C1CR70BD05) 
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High Pass components L2 = 43nH (LQW18AN43NG00), C2 = 9pF (GQM1875C2E9R0CB12) 

 

 

 

 

Figure A.16. HP/LP schematic with murata components 

 

Figure A.17. S-Parameter simulation of circuit with murata components 
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Simulation with switch and murata components: 

 

Figure A.18. Schematic setup with BAP51_04W switches and HP/LP sections biased to select HP section 

 

Figure A.19. S-Parameter simulation of circuit with BAP51_04W switch and murata components 

 

Simulation with layout: 

Optimized component values: 

Low Pass components L1= = 4.7nH (LQW15AN4N7C00), C1 = 0.8pF 

(GJM0335C1ER80BB01) 

High Pass components L2 = 27nH (LQW18AN27NG00), C2 = 100pF 

(GQM1875C1H101GB01) 
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Figure A.20. Schematic setup with layout file showing the Attenuator and HP/LP sections 

 

Figure A.21. S-parameter response of the schematic setup with layout 

 

Simulation with phase shifter test board with attenuator: 

Low Pass section values: 

L1= 4.7nH (LQW18AN4N7D00) 

C1= 0.5pF (GQM1875C2ER50BB12) 

High Pass section values: 

L2 = 24nH (LQW18AN24NG00) 
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C2 = 15pF (GRM1885C2A150JA01) 

 

 

Figure A.22. Schematic setup for test board with attenuator 

 

 

Figure A.23. S-parameter simulation of test board with attenuator 
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Simulation with phase shifter test board without attenuator: 

 

Figure A.24. Schematic setup for test board without attenuator 

 

Figure A.25. S-parameter simulation of test board without attenuator 
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II.3 Design of 90
0
 phase shifter: 

Simulation with ideal values: 

Low Pass component values: L1 = 6.252nH, C1 = 1.465pF 

High Pass component values:  L2 = 21.346nH, C2 = 5.002pF 

 

Figure A.26. Ideal circuit schematic 

 

Figure A.27. Ideal circuit S parameter simulation 

Simulation with murata components: 

Murata components used to replace the ideal components: 

Low Pass components L1= 6.2nH (LQG18HN6N2C00), C1 = 1.5pF (GQM1875C2E1R5BB12) 

High Pass components L2 = 22nH (LQW18AN22NG00), C2 = 5pF (GQM1885C2A5R0BB01) 
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Figure A.28. HP/LP schematic with murata components 

 

Figure A.29. S-Parameter simulation of circuit with murata components 
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Simulation with switch and murata components: 

 

Figure A.30. Schematic setup with BAP51_04W switches and HP/LP sections biased to select HP section 

 

Figure A.31. S-Parameter simulation of circuit with BAP51_04W switch and murata components 

 

 

Simulation with layout: 

Optimized component values: 

Low Pass components L1= = 6.2nH (LQW18AN6N2C00), C1 = 0.7pF 

(GRM0335C1HR70BD01) 
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High Pass components L2 = 9.5nH (LQW18AN9N5D00), C2 = 7.5pF 

(GRM0335C1H7R5DD01) 

 

 

Figure A.32. Schematic setup with layout file showing the Attenuator and HP/LP sections 

 

Figure A.33. S-parameter response of the schematic setup with layout 

Simulation using phase shifter test board with attenuator: 

Low Pass section values: 

L1= 6.2nH (LQW18AN6N2C00) 

C1= 1.6pF (GQM1875C2E1R6CB12) 
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High Pass section values: 

L2 = 13nH (LQW18AN13NG00) 

C2 = 8.2pF (GQM1885C1H8R2DB01) 

 

 

 

Figure A.34. Schematic setup for test board with attenuator 

 

Figure A.35. S-parameter simulation of test board with attenuator 
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Simulation using phase shifter test board without attenuator: 

 

Figure A.36. Schematic setup for test board without attenuator 

 

Figure A.37. S-parameter simulation of test board without attenuator 
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III Mean DC value measurement circuit: 

The following figure A.38 shows the schematic setup for the measurement of DC mean value at 

the output of the Mulitiplier (functioning as a VGA) and the Absolute block. 

The “Pole” component is used to with a cutoff frequency of 1Hz. Thus this component functions 

as a Low Pass Filter with the pole at 1Hz. 

 

Figure A.38. Schematic setup for measurement of mean DC value 
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IV Principle of phase interpolation circuit: 

Input signals with unit amplitude sinusoidal signal can be explained using the following figure 

A.39. 

 

Figure A.39. Unit circle figure describing the dependence of amplitude of output interpolated signal with input 

phases 

The amplitude of the interpolated signal will be the mean value of amplitudes of both input 

signals. This mean value is represented by the line connecting both input signal lines. 

If one input of the input signals is not at all present then the unit circle will become as follows. 
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Figure A.40. Unit circle describing the situation in which one of the input signal is 0Volts 

The sine wave output signal becomes is a in phase signal with input and has a amplitude less 

than that of the input. This is because the input signal is connected with a 0 Volt signal and 

output is obtained. Hence naturally the input signal with non zero voltage swing will lose some 

of its potential when  connected to 0 Volt. Thus the lower amplitude signal is produces. 

 

 

 



 


