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ABSTRACT

This thesis presents the theory and a design method for distributed digital phase shifters,
where both the phase-error bandwidth and the return-loss bandwidth are considered simulta-
neously. The proposed topology of each phase bit consists of a transmission-line (TL) branch
and a bandpass filter (BPF) branch. The BPF branch uses grounded shunt quarter wavelength
stubs to achieve phase alighment with the insertion phase of the TL branch. By increasing the
number of transmission poles of the BPF branch, the returnloss bandwidth can be increased.
Analysis of the BPF topology with one, two, and three transmission poles is provided. The de-
sign parameters for 22.5, 45, 90, are provided for bandwidths of 30%, 50%.

The three bit digital phase shifter is designed with minimum phase shift of 22.5° and maximum
phase provided is 157.5°. Results of all three bit phase shifts are produced and their respective
phase errors and return losses are compared.
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Motivation

Digital phase shifters are key components in digitally controlled phased-array antennas and
other microwave control modules. Usually each bit of a switched phase shifter contains two
branches. When switching between the two branches, a differential phase shift is generated
while the insertion loss remains the same. In the design of digital phase shifters, both phase
error and return loss should be considered simultaneously, and the overall bandwidth of the
phase shifter is the intersection of the phase-error bandwidth and return-loss bandwidth.

Phase shifting can be realized by using lumped-element networks and distributed networks . At
high frequencies, the parasitics of the lumped elements usually degrade the phaseshifter band-
width. Therefore, topologies with transmission lines (TLs) have been investigated to increase
the bandwidth.

Background

Before discussing topologies of phase shifter design and their comparison we need to know-
basics of phase shifter, their types and conventional phase shifters. Basics of transmission lines
and bandpass filters are required.

Organization of thesis

Chapterl: “basics of phase shifter” includes the basic theory required to understand phase
shifter design and conventional phase shifter structures.

Chapter2: “Topologies for three bit phase shifter design” contains basic design of digital
phase shifter having two branches i.e. TL branch and BPF branch. BPF can be implemented
with different topologies with different orders of filter. Their limitations and specific cases are
discussed in this chapter.

Chapter3: “simulation results” contains simulated output results of digital phase shifter bits
and their comparison for different bandwidths.

Chapter4: “conclusion and future work” contains final summary of what result we have

achieved and the future research work possible in extension to this this thesis work.
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Chapter 1

Basics of phase shifter
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1.1 Definition

Phase Shifters are devices, in which the phase of an electromagnetic wave of a given frequency
can be shifted when propagating through a transmission line. In many fields of electronics, it is
often necessary to change the phase of signals. RF and microwave Phase Shifters have many
applications in various equipments such as phase discriminators, beam forming networks,
power dividers, linearization of power amplifiers, and phase array antennas.

The major parameters which define the RF and microwave Phase Shifters are:
e frequency range,

¢ bandwidth (BW),

e total phase variance (4j),

e insertion loss (/L),

e switching speed,

e power handling (P),

e accuracy and resolution,

e input/output matching (VSWR) or return loss (RL),

e harmonics level.

1.2 Relation between Propagation Constant, Phase Shift, Delay, and
Wavelength

In a transmission line the Propagation Constant is a complex number having two parts:

the real portion is the attenuation constant (o, neper per unit length) and the imaginary
portion Px is called the phase constant (B, radians per unit length).

The attenuation constant a determines the way a signal is reduced in amplitude as it propa-
gates down the line, while the phase constant  shows the difference in phase between the
voltage at the sending end of the line and at a distance x.

The phase constant Bx shows the phase shift of the voltage (or current) at a point located at a
distance x along a transmission line with respect to the sending voltage (or current).
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A phase shift of 360° (or 2mt radians) equals one wavelength and, as shown in figure below,
marks the distance between successive points on the waveform (such as zero crossings).

The wavelength A is the distance x required to make the phase angle px increase by 2z radians.

A=2n/B (1.1)
t=0 t=2.5ns t=5ns t=10ns
o° aQ° 180° 3e0°
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Figurel.1 Relationship between degrees (°), radians (2m), phase shift (B), and wavelength (A)
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From the figure above can be stated that a phase shift may also be seen as a delay. The rela-
tion between the phase shift and the time delay is given by:

Time delay (seconds) = [Phase Shift (°)] / [360 x frequency (Hz)]
The time delay is proportional to the inverse of velocity Vp.
The amount of delay a transmission line introduces per distance x is:

Time delay =x/ Vp = (Bx / w)
1.3 Classification of Phase Shifters

The function of a phase-shifter is to control the phase characteristics in the processing of an
input signal via a digital or analogue command and can be accomplished in a passive device.
There are basically two general methods of producing phase-shifters: mechanical and elec-
tronic.

1.3.1 Mechanical and Electronic Phase Shifter

Most of the mechanical phase shifters incorporate a lumped element quadrature hybrid, to-
gether with a matched pair of L-C networks, to realize variable phaseshifts. Variable L-C net-
works linked to output ports act as sliding short circuits. Placed at the output ports of the hy-
brid, these short circuits reflect incident energy back towards the source.

Electronically-controlled, continuously variable phase-shifters operate similarly to the me-
chanical phase-shifters described above. The principal difference is that variable-controlled ca-
pacitors (varactors), such as controlled by voltage, are used instead of manually adjusted ca-
pacitors.

Larger mechanical devices are expensive and cannot take advantage of the economies of scale
needed to make affordable phase-shifters. Therefore electronic phase-shifters have broad ap-
plicability for both commercial and military applications, including advanced military radars,
cellular base stations, satellite communications, and automotive anti-collision radar.

1.3.2 Analogue and Digital Phase Shifters

Additionally there are two broad types of variable electronic phase-shifters: analogue and digi-
tal. Analogue phase-shifters change the output phase by means of an analogue signal (e.g. volt-
age) to provide a continuously variable phase. Digital phase-shifters use a digital signal to
change the output phase in quantized steps, providing a discrete set of phase states that are
controlled by two-state phase bits.
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1.4 Basic block diagram of phase shifter

Basic block diagram of phase shifter is as given below. The phase introduced by it is expressed
in terms of S parameters.

/S

Network 1 q Phase Shifter Network 2
|

I I2
Figure 1.1 A phase shifter and its loads at two ends

In above block diagram I'1 is reflection coefficient of network1 and I'2 is reflection coefficient
of network?2.

1.5 Review of conventional phase shifters

Phase shifters have been developed for phased array antennas for more than half a century
[17]. Generally, there are three types of phase shifters: mechanical phase shifters, ferrite
phase shifters and semiconductor device phase shifters. We are concerned with only electrical
planar phase shifters switched by semiconductor devices are covered.

1.5.1 Topologies to Achieve Phase Shifts

An ideal phase shifter is a two-port device whose insertion phase can be changed while its in-
sertion loss remains the same. Assume the reference state has an insertion phase of ¢4, and
the phase shifting state has an insertion phase of ¢,, the phase shift A¢ is the phase difference
between the two states, which is given by

Ad =, -, (1.1)

Normally, for phase shifters with multiple phase states the phase shifts all refer to one refer-
ence phase state. In the following, four commonly used types of phase shifter topologies are
reviewed: loaded-line phase shifters, switched network phase shifters, reflection type phase
shifters and vector summation phase shifters.
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1.5.2 Loaded-line Phase Shifter

The concept of the loaded-line phase shifters is to use the loads to change the electrical length
of a fixed transmission line. And therefore, it is a transmission type phase shifter. The proto-
type is shown in Figure 1.2.

out

In

O — O O
Z:, 0

Yzﬂﬂ Y1 Yzﬁn Y1

Figure 1.2 Loaded-line phase shifter prototype

The loads inserted at the two ends of the transmission line can be controlled digitally to
change the electrical length of the centre line with impedance of Z. and original electrical
length of B. In an analog phase shifter, the loads are controlled continuously. However, the
perfect matching may not be always met. Here we are discussing a binary phase shifter with
two possible load states: Y1 and Y2. When the loss of the loads is neglected, the insertion
phase ¢;(i=1, 2) can be obtained from given equation

¢; = arccos(cos 8 — Y,/Z. sin 8) (1.2)

Therefore, when Y1 changes to Y2, the phase shift can be obtained from (2-1). Based on this
prototype, the analysis for different loads and switching components can be done. Three dif-
ferent classes with nonzero and unequal loads (Class |), load-unload loads (Class Il) and com-
plex-conjugate loads (Class Ill) are concluded. It is found that the loaded line phase shifter has
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the largest bandwidth and perfect matching at the center frequency for Class Ill when the origi-
nal electrical length of 8 is around 90°. The design parameters can be obtained from given equa-
tions.

Z. = cos (Adp/2) Zy (2.3)
Y, = ttan(Ad/2)Y, (1.4)

It is noted that this topology cannot be used for 1802 phase shifters due to the extreme values
from (2-4). When the design parameters are obtained, the return loss and phase error can be
written as a function of the normalized frequency. Therefore, the return loss bandwidth (BWg,)
and phase error bandwidth (BWy¢) are related to the phase shift values. The relations for Class
Il loaded-line phase shifters with discrete loads are plotted in Figure 1.3 for phase shift ranges
from 5° to 120°.

From Figure 1.3, the overall bandwidth of the loaded-line phase shifter is mainly limited by the
return loss when the required phase shift increases. For example, when the phase shift is 900,
the 4° (ir2°) phase error bandwidth BW;¢ is 35% while the 15 dB BWj, is 14%, and the overall

180
)\ —— 10dB RL

RN 15dB RL
14{] W N et QUdB RL

— L —e—4° PE

2 120 : e 2°PE

= K . a0

5 100 - : 1 PE

—~»—0.5° PE

3 80 -\ 05

mw

an 60

40

20

Phase shift (°)

Figure 1.3 Bandwidth versus the phase shifts for different phase errors and return losses of the
lumped element loaded Class Il phase shifters.
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bandwidth is limited to 14% when the required return loss is 15 dB. Besides high power applica-
tions, this prototype is also preferred for high frequency designs due to its simple structure.

1.5.3 Switched Network Phase Shifter

The switched network phase shifter is another type of transmission phase shifter. The develop-
ment in this type of phase shifter is very active because the number of network combination is

numerous.

Common switched network phase shifters switch between different pass bands of different net-
works to obtain the phase difference as shown in Figure 1.4.

Network 1

Network 2

Figure 1.4 Schematic of the switched network phase shifters

Here, two popular used topologies are reviewed: the high-pass/low-pass phase shifter and the
all-pass network phase shifter, which includes the Schiffman phase shifter.

1.5.4 High-pass/low-pass (HP/LP) phase shifter

The HP/LP phase shifter switches between high-pass filters and low-pass filters. A typical third
order HP/LP phase shift bit is shown in Figure 1.5. The T-network is chosen for the HP filter and
the m-network is chosen for the LP filter to minimize the number of inductors used.
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Figure 1.5 Third order high-pass/low-pass phase shifter.

Design parameters can be obtained from for the T-network and m-network for a given center
frequency wy and desired phase shift Ad at wy. For smaller phase shifters, larger inductors are
needed for the high-pass filter using this topology. The insertion loss is affected by the para-
sitic, the matching from the adjacent phase bits and the two SPDT switches used in one phase
bit. For millimetre wave designs, semiconductor based SPDT switches suffer from a high inser-
tion loss and poor isolation. The travelling wave concept can be adopted in the design of SPDT
switches but the circuit size can be significant.

To minimize the circuit area and to extend the bandwidth, the parasitics of the switching com-
ponents are absorbed rather than avoided in the FET-integrated designs. The ON state of the
FET can be modeled by a small resistor and the OFF state of the FET can be modeled by a small
capacitor as shown in Figure 1.6.

2
02 /1 ?DN
1
b3 \{ 22

c
OFF T,

Figure 1.6 Modelled ON and OFF state of the FET.
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This methodology is used for phase shifter implementation and a bandwidth of nearly an oc-
tave is achieved. When more stages of HP/LP networks are used, larger bandwidth can be real-
ized.

This topology is also popular in microwave systems where large phase shifts are required. Ex-
amples using the HP/LP circuits to provide the required phase difference include the TX-RX
switches with leakage cancelation and the broadband multi-port direct receiver.

1.5.5 All-pass network phase shifter

Another popular phase shifter switches between all-pass networks. In a single stage four-
element all-pass network to achieve a bandwidth ratio of 1.6:1 is presented. The two topolo-
gies of the all-pass networks shown in Figure 1.7 share the same performance when the values
satisfy following relation.

LC = 1/wo’, L/C=1Z’ (1.5)
o || o —0
i1 IL
C/2 C - C
L L

_I_
:JEZC ELIZ

Figure 1.7 Two four-element all-pass networks.

Where wy is the transition frequency where the insertion phase is -180° and Z, is the character-
istic impedance of the system. The phase shift can be obtained by changing w, of two all-pass
networks and a phase shift peak will be obtained for each setting. The advantage of the all-
pass network is that the insertion phase can be treated separately due to the very high return
loss. Therefore, when two stages are cascaded, two peaks in the phase response can be ob-
tained to get a phase shift ripple and the bandwidth can be significantly improved. For the two-
section phase shifter, the bandwidth ratio increases to 4:1 for the same performance of the
single-section phase shifter.
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Besides the large bandwidth applications, the all-pass network is also used in compact inte-
grated circuit designs. Like the HP/LP topologies, FETs can be integrated into the circuits to
minimize the circuit area. The transition frequency can be shifted much higher than the de-
signed frequency and therefore the parameter values are smaller.

Furthermore, the capacitors in both the HP/LP phase shifters and the lumped all-pass network
phase shifters can be changed to varactors to realize continuous phase tuning.

1.5.6 The Schiffman phase shifter

The all-pass network based phase shifter can also be realized in distributed form. Schiffman
presented a topology based on a carefully designed coupled line and a transmission line. The
design theory is synthesized and a phase error of +2° is achieved for a 90° phase shift over a
bandwidth of 60%. However, it is assumed that the even- and odd-mode velocities of the RF
signal are the same in the original design. Therefore, the topology was implemented in strip-
lines. For microstrip lines, the Schiffman phase shifter needs to be modified to maintain the
bandwidth.

1.5.7 Reflection Type Phase Shifter

The reflection type phase shifters consist of two parts: a 3-dB directional coupler and two tun-
able terminations. As shown in Fig. 2.7, the input signal is first split into two parts, and then
reflected by the two loads. When the loads are the same, the voltage at the output port can be

written as
Vout = jMVin (1.6)
O — O
In out

3-dB coupler

2

Figure 1.8 Reflection type phase shifter prototype.
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Compared with the transmission phase used in the transmission type phase shifters, reflection
type phase shifters transform the reflection coefficient phase to the transmission phase first,
and the phase shift is calculated from (2-1). When the power is fully reflected from the loads,
the insertion loss is minimized.

The bandwidth of the reflection type phase shifter is determined by both the coupler and the
terminations. For example , broadband terminations are used, but the slot fin-line coupler lim-
its the bandwidth to 15% only. The reported bandwidth using a branch line coupler is from
20% to 25% .it is claimed that the isolation and the return loss of the coupler influence the
phase shifter performance, and +3% to 4% phase errors are achieved for a bandwidth ratio
larger than 5 by using Lange couplers. Lange couplers can provide a large bandwidth and the
bandwidth of the phase shifter is then limited by the terminations.

Because couplers are used, the circuit size increases especially for the digital designs . There-
fore, to reduce the number of cascaded phase bits, continuous tuning is proposed to cover
small phase shifts to reduce the insertion loss and circuit size. In[56], parallel series resonators
are used as the reflective terminations and , cascaded reflection type phase shifters with a
phase shift peak summation methodology are used to achieve an analog phase shift over 100%
bandwidth.

The problem for broadband analog reflective phase shifters is achieving a large phase shift
range. To achieve 360° phase coverage, more stages are required which immediately degrades
the performance. Research has been done to increase the phase coverage for a single section
reflective phase shifter. However, the bandwidth is reduced. An impedance-transforming
branch line coupler is used together with transformer integrated terminations and a full 360°
phase shift is achieved. The circuit size is further reduced by implementing the coupler using
lumped elements. As a tradeoff, the bandwidth reduces to 10% to 15%.

1.5.8 Vector Based Phase Shifter

The vector based phase shifter first generates base vectors, and then combines the vectors
with different amplitude weights to achieve different phase shifts. The concept is shown in Fig-
ure 1.9.

The commonly used phase difference between the vectors can be around 90° where four vec-
tors are needed, or around 120° where three vectors are needed . The 90° phase difference is
mainly realized using combiners, directional couplers, polyphase filters, and all-pass networks ,
and the 120° phase difference is mainly realized using HP/L P filters and all-pass networks.
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UD

ref°

Figure 1.9 Basic concept of the vector based phase shifters.

The main advantage of the vector based phase shifter is the potential for a small circuit size.
For most vectors generated by polyphase filters, the amplitude variation is a concern. Usually
the phase bandwidth is much larger than the return loss bandwidth. The phase shift response
is quite smooth over a multi-octave band while the return loss is around an octave or less.

Another concern is the power consumption, power handling capability, and linearity of this
type of phase shifters. Compared to the conventional phase shifter designs, the vector based
phase shifter uses VGAs and DACs to control the weight of the vectors, which consume extra

power of the circuits.
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Chapter 2

Topologies for three bit phase shifter design
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In most conventional phase shifter design methods, when the center frequency and the re-
quired phase shift at the center frequency are fixed, the performance is then fixed. There is no
room for tradeoffs to obtain an optimum performance for a given bandwidth. In the previous
chapter, improvements are possible in terms of return loss and phase error. However, more
substantial tradeoffs between the performance and the bandwidth are needed, so that design-
ers may synthesize phase shifters according to the requirement, similar to the expert filter de-
sign methods.

This chapter introduces more tradeoffs between the performance and the bandwidth of several
novel phase shifter topologies, where the optimum phase error for a given bandwidth is real-
ized.

Basic block diagram of three bit phase shifter consists of four blocks each representing individ-
ual bit. Smallest possible phase shift is 22.5° and largest possible phase shift is 157.5°. It is clear
from figure 2.1.

— 22.9° 45° — 90°

Figure 2.1 Block diagram of the four-bit phase shifter.

2.1 Phase Slope Alignment Using Quarter Wavelength Stubs

In Figure 2.2, the topology for a phase shift bit consisting of a transmission line branch, a band-
pass filter branch and two SPDT switches to switch between the two branches is shown. In the
analysis that follows, the insertion phase of the transmission line branch at the center frequency
w. is chosen as the sum of the desired phase shift and the insertion phase of the bandpass filter
at w,

Or(we) = Ad(we) + Pepr(wc) (2.1)
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Transmission Line Branch

SPDTL = ---nmmmmm e d e SPDT

}
!

o

Bandpass Filter Branch

Figure 2.2 topology for phase shifter bit.

In the following, bandpass filters with one, two and three transmission poles for the bandpass
filter branch are analyzed. The bandwidth of the phase shifter increases with the number of
poles. The return loss, phase error and the achievable phase shift for each case are discussed
in detail.

2.1.1 Topology 1: BPF with one pole

Figure 2.3 shows the topology of the single pole bandpass filter which consists of a A/4 short
circuited shunt stub resonant at w.. At an arbitrary frequency, the insertion phase of the band-
pass filter is given by

PR 1 S S (2.2)
fppr (@ ) = arctan | j—Eltan |E @

Where Z, —z,/z, is the normalized impedance and @=w /@, Isthe normalized frequency.

The topology for single pole bandpass filter using quarter wavelength transmission line is give
in figure as follows.
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Port 1 Port 2

M4

Figure 2.3 Topology 1: Single pole bandpass filter.
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Figure 2.4 Insertion phase versus normalized frequency of a grounded shunt stub.
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In Figure 2.4 the insertion phase is shown versus the normalized frequency for different nor-
malized impedance . It is observed that when normalized impedance is changed, the phase
slope of the branch can be controlled without changing the insertion phase at the center fre-

quency.

In Fig. 2.5(a) and (b) two possible phase shift responses A¢ are shown. In these figures four
characteristic frequencies are defined.

@; and @ Are the lower bound and upper bound of the desired bandwidth.
@,, and &,, arethe frequencies where the phase slope of TL branch and BPF branch are equal.

The maximum phase error in the desired bandwidth is denoted by PE and the phase shift
within the desired bandwidth satisfies

A¢( @, |- PE < A¢(B) < A¢( B )+ PE (2.3)

As shown in figure 2.5(c), the optimum phase error PE, is achieved when

Ad(@; )= A@(@,,) and Ap(dy ) =Ad(D, ) (2.4)

Note that if one of these conditions is satisfied, the other is automatically satisfied too. Be-
cause the phase shift is anti-symmetric around central frequency , only frequencies below cen-
tral frequency are considered in the following discussion. To find the optimum phase error
PEopt, wrs must be determined first. The phase shift is given by

AP (B) = Popr (B)— by (D) (2.5)

Typical phase shift responses are given as follows.
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Figure 2. 5. (a), (b) Typical phase shift responses (c) optimum phase shift response.
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Differentiating equation 2.5 with respect to normalized frequency and equating to zero to ob-
tain optimum case, we get

dA@(@D) _ dape (D) _difig [:{'_‘J] —0 (2.6)

d@ do do

The phase slope of bandpass filter is found using equation 2.2

NEA =
d@Pger fTJ‘:] __ «'T|:l—tan |T|:|Z]

= — — (2.7)
da 1+2]: tan:|£|
L2 )
And phase slope of transmission line is constant
C (2.8)
4] | !
L= -Ag( @, )
do
Substituting (2.7) and (2.8) in (2.6), we can solve for @,;:
2 J TZ—Ag(d, )
@, =—arctan | =——=————=
7 \Z[4Z4¢(a,)- 7] (2.9)
With the condition:
_ _’TZE_%@E&]"] >0
Z[4ZAp( B, ) -7 ] (2.10)

By substituting (2-9) into (4-5), the phase shiftat @, : is
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JZ[4Z29(B,)-7 ] L 280(3,) [ 72,-49(5)

2Z, m \Z[4Zaé(B,)-7] (2.12)

ﬂu;.‘f*l:. @, :] = arctan

The optimum phase error PE,,; is then obtained by numerically solving

Ap(By)-Ad(B.)=Ap(B,)-Ad(B,,) (2.12)

In Fig. 4.5 PE,,: and characteristic impedance are shown versus the phase shift for bandwidths
of 30%, 50%, 67% (one octave) and 100% (3:1). When the bandwidth and phase shift are speci-
fied, the characteristic impedance is obtained from the left axis of Fig. 2.6, and the corre-
sponding optimum phase error is found from the right axis.

o it Al Ed &l 100 120 140 160 1680 )

Phase Shift (")

Figure 2.6 PE,,: and f] of the grounded shunt stub versus the phase shift.

Note that so far only the bandwidth for the phase error is considered. However, for phase
shifter design the bandwidth of a specified return loss should also be considered. Because the
return loss bandwidth of the TL branch ideally is infinite, the bandwidth is limited by the return
loss bandwidth of the BPF branch. In the case of the grounded shunt A/4 stub, the return loss is
determined by the characteristic impedance. For an given impedance and a desired return loss
RL, the bandwidth is given by:
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[ 9 om0 _{ )
By, = 3‘ l—iarctan? ‘}:]_I:I'D":!-'.:. (2.13)
| K 2 1 |

In Fig. 2.7 the return loss bandwidth BWRL is shown versus the impedance Z, For return losses

of 10, 15, and 20 dB. Because the return loss and the phase shift are both determined by f

Their relation is shown in figure 2.8

As an example, consider a phase shifter with an octave bandwidth (67%) and a required return
loss of 15 dB. From Figure 2.8 it is found that only phase shifts up to 30° can be achieved. The
associated phase error is found in Figure 2.6.

In conclusion, when large bandwidths are required with return losses of 15 dB or larger, the
achievable phase shift with the single grounded shunt A/4 stub is limited to small phase shifts.
Therefore, other topologies must be considered to improve the bandwidth of the return loss of
the BPF branch. The single pole BPF is used for the 22.5° phase bit of the realized four-bit
phase shifter discussed later.

200

——RL=10dB
| — —RL=15d8
1g0 - —W—RL=20dB A

18D -

BW, (%)

Figure 2.7 return loss bandwidth versus Z

The achievable phase shift with optimum phase error can be shown as given in following fig-
ure.
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+
i
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Return Loss (dB)

Figure 2.8 Relation between the return loss and the achievable phase shift with optimum
phase error for different bandwidths.

2.1.2 Topology 2: BPF with two poles

To improve the bandwidth of the return loss for the larger phase shifting bits, transmission
poles are added to the single stub bandpass filter. To achieve two poles a series A/4
transmission line is inserted between two short circuited shunt A/4 stubs as shown in Figure
2.9.

0 s & 's)
Port 1 \\ = - \x Port 2
2'1 zg, .l"l.Jlld' Z'1
A4 A4

O \ s & \ £
Figure 2.9 topology 2: double pole bandpass filter.

The insertion phase of double pole bandpass filter is given by
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127,07 -7 (23 +1)

Pgpr | @ ) = arctan S (2.14)
] 22,2,(2,+ Z,)
where Q=tan( 0.57@ |
when Z3 <1. Two transmission poles are found:
2 (2.15)

L, =1z 1—=arctan

e

Note that whenZ, =1, Only one transmission pole is found at @ And when Z, >1.No trans-
-mission pole are found.

Optimum phase error is found again by solving equation (2.12) and the solution is a set of com-

_bination of Z; and Z, - Therefore, the combination of Z; and Z, . That satisfies the ret-

-urn loss requirement within the required bandwidth must be determined.

There are two extreme cases that meet the return loss requirement. This is illustrated in Fig.
2.10 for a return loss requirement of 15 dB. In case 1, the return loss requirement is met at the

band edges @1 and @y and the requirement is exceeded at @ . in case 2 requirement is met
at @ Andexceeded at @ and @y . Each case has an optimum phase error and the case with
the smaller optimum phase error should be selected.

As a further illustration, in Fig. 4.10 the optimum phase error is shown versus the required re-
turn loss for an octave bandwidth of 22.5°, 45° and 90° phase bits. For all three phase bits, case
1 and case 2 intersect at the point when the return loss at the band edges is equal to the re-
turn loss at central frequency. The inset of Fig. 2.11 shows that in case 1 there can be zero, one
or two poles when characteristic impedance is larger than, equal to, or smaller than 1 respec-
tively.

For the three phase shifts, it is observed that case 1 provides the smaller optimum phase error.
For a return loss requirement of 15 dB the optimum phase error for the 22.5° and 45° phase bit
is 0.24° and 0.55°, respectively. It is also observed that it is not possible to achieve a return loss
of 15 dB for the 90° phase bit.
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Figure 2.10 return loss of BPF with two poles

Case 1: return loss requirement is metat @, and @ .

Case 2:

Figure 2.10 Two cases of PEopt versus return loss for 22.52, 452 and 452 phase shifts in an oc-

return loss requirement is met at @, .
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Case 1: return loss requirement is met at @, and @y .

Case 2: return loss requirement is met at @, .
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For the three phase shifts, it is observed that case 1 provides the smaller optimum phase error.
For a return loss requirement of 15 dB the optimum phase error for the 22.5° and 45° phase bit
is 0.24° and 0.55°, respectively. It is also observed that it is not possible to achieve a return loss
of 15 dB for the 90° phase bit.

In short procedure to calculate Z; and Z, is as follows

1. set the requirements for the frequencies &, and &, . Returnloss RL and phase shift ;‘;g‘a[@r]

2. use equation (2.8) and (2.14) in (2.6) to find the expression for PE,; with fl and f: as vari-

-able

3. substitute @, and @. in the expression of |S11| Of the BPF branch.

4. using the expressions found in step 2 and step 3, determine Z; and Z, for the two cases

And select the case with the smallest PE,;

The above procedure is applied to determine the relation between bandwidth and achievable
phase shift for the three return loss cases of 10, 15, and 20 dB. The results are shown in Fig.
2.11. It is observed that the achievable phase shift decreases when the required return loss
increases.

g

—a—10dB
—o— 15d8

1= —a— 20dB

o0 |-

B0 |-

_ e
: m&A T
= | i Pt

&0 40 a0 ab 100

Bandwidth (%)

Achievable Phase Shift with PE.W (")

Figure 2.11 Relation between the achievable phase shift with PEopt and bandwidth for differ-
ent return losses.
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PE,, (")

Phase Shift (°)

Figure 2.12 PEopt versus phase shift for a bandwidth of 50%, 67%, and 100% with a return loss
of 15 dB.

The specific case of an octave bandwidth is also indicated in the figure. For a return loss of 15
dB the maximum achievable phase shift is 77°.

For a return loss requirement of 15 dB the relation between the optimum phase error and the
required phase shift is shown in Fig. 4.12 for bandwidths of 50%, 67%, and 100%. Note that all
three traces end at the point where the return loss requirement can no longer be met. For the
design of an octave bandwidth four bit phase shifter, as discussed later, the topology with two
poles is used for the 45° phase bit. As observed from Fig. 4.10, the topology with two poles still
can not achieve a return loss of 15 dB for the 90° and 180° phase bits with an octave band-
width.
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2.2 Phase Slope Alignment Using LC Resonators

Resonators employing inductors and capacitors can also be used to control the phase slope.
Fig. 2.13 shows series and parallel LC resonators and their combination. The combination of
one series and two shunt parallel LC resonators shown in Fig. 2.13(c) is actually a BPF. Both of
the two types of resonators can be used to control the phase slope. Therefore, the insertion
phase slope of the BPF can be controlled to achieve the best alignment with the insertion
phase of the reference state over a large bandwidth.

oo

(a)

(L)

Cx = —C3

(c)

Fig. 2.13. The (a) series (b) parallel LC resonators and their (c) combination.

How to control the phase slope using a single LC resonator cab be described as given below.
For a series LC resonator resonating at wg , the S-parameters are found as

(2.18)
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where X =, L/Z, =1/@,CZ, and &= /ey, .

For a shunt parallel LC resonator resonating at wg, the S-parameters are found as

o _Be-a)

N 2-;5[5—5-]] (2.19)
2

-

-
-

2+ jB(@-a")

where B = w,CZy=Z, [e,L .

Broadband phase shifter topology given below is used to implement 90 degree phase bit.

TL Branch
: O

SPDT

Za, 10\

Resonator
Branch

Figure 2.14 Broadband phase shifter topology.
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Chapter 3

Simulation results

Page No 30



3.1 Simulated results for 30% bandwidth phase shifter

Both the branches of phase shifter bit are simulated for different phase shift bits and their re-
sults are plotted as give below.

3.1.1 Results for 22.5 degree phase bit

First branch of 22.5 phase bit is a transmission line providing a phase angle of 22.5 degree. Its s
-parameter results are as given below.

3.1.1(a) TL branch

0
—~ -10 - F
— 5 .
o i
9D oo -
D B
b 5 .
@© _|
< ] -
o _30 | ~
_40 N I I I I I I I I I I I

04 06 08 1.0 12 14 16 18 20 22 24 26
freq, GHz

Figure 3.1 S(2,1) parameter of 22.5 degree TL branch.

Above figure show the phase of s(2,1) parameter variation with frequency. It is clear that at
central frequency 1.5 GHz, the phase is 22.5 degree. To get the same phase in frequency range
of bandwidth the phase slope alignment is used, which is provided by BPF branch.
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3.1.1(b) BPF branch

Simulation results of BPF branch of 22.5 degree phase bit are as given below.

dB(S(1,1))
T

_— //
<

04 06 08 10 12 14 16 18 20 22 24 26

freq, GHz

Figure 3.2 S(1,1) parameter of BPF branch versus frequency.

The s(1,1) parameter represents return loss due to BPF branch. From the figure 3.2 it is clear
that at central frequency 1.5GHz, return loss is below —50 dB. At the corner frequencies of
bandwidth the return loss is —24.56 dB.

Figure 3.3 represents S(2,1) parameter of BPF branch of 22.5 degree phase bit. It is clear from
the figure that at central frequency phase provided by BPF branch is zero and positive for fre-
quencies below central frequency and negative for frequencies above central frequency. In this
way the phase slope of TL branch is aligned by BPF branch.

Figure 3.5 shows the net phase of 22.5 degree phase bit. From figure it is clear that at central
frequency net phase is 22.5 degree and at corner frequencies net phase is 22.52 and 22.48 de-
grees. Hence phase error of 22.5 degree phase bit is 0.02 degree.
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phase(S(2,1))

dB(S(1,1))

04 06 08 10 12 14 16

freq, GHz

1.8 20 22 24

Figure 3.3 5(2,1) parameter of BPF branch of 22.5 degree phase bit

0.4 06 0.8

10 12 14 16 18 20 22 24

freq, GHz

Figure 3.4 5(1,1) and S(2,1) magnitude versus frequency

2.6

((T'2)3)ap

3.1.1(c) Net phase of 22.5 phase bit

The net phase of 22.5 degree phase bit is as given in figure 3.5
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Figure 3.5 net phase versus frequency plot of 22.5 degree phase bit

From above figure it is clear that at central frequency 1.5 GHz the net phase is 22.5 degree and
at corner frequencies it is 22.52 and 22.48. Hence the phase error of 22.5 degree phase bit is
0.02 degree.

3.1.2 results for 45 degree phase bit

First branch of 45 phase bit is a transmission line providing a phase angle of 45 degree. Its s-
parameter results are as given below.

3.1.2(a) TL branch
0
= -20— i
— T
8 T
< ™~
O 60
_80 I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I

04 06 08 10 12 14 16 18 20 22 24 26

freq, GHz

Figure 3.6 S(2,1) parameter of TL branch of 45 degree phase bit
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figure 3.6 show the phase of s(2,1) parameter variation with frequency. It is clear that at cen-
tral frequency 1.5 GHz, the phase is 45 degree. To get the same phase in frequency range of
bandwidth the phase slope alignment is used, which is provided by BPF branch.

3.1.2(b) BPF branch

Simulation results of BPF branch of 45 degree phase bit are as given below.

dB(S(1,1))

04 06 08 10 12 14 16 18 20 22 24 26

freq, GHz

Figure 3.7 S(1,1) parameter of BPF branch versus frequency.

The s(1,1) parameter represents return loss due to BPF branch. From the figure 3.7 it is clear
that at central frequency 1.5GHz, return loss is below —50 dB. At the corner frequencies of
bandwidth the return loss —18.52 dB.

Figure 3.8 represents S(2,1) parameter of BPF branch of 45 degree phase bit. It is clear from
the figure that at central frequency phase provided by BPF branch is zero and positive for fre-
guencies below central frequency and negative for frequencies above central frequency. In this
way the phase slope of TL branch is aligned by BPF branch.
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Figure 3.8 S(2,1) parameter of BPF branch of 45 degree phase bit
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Figure 3.9 5(1,1) and S(2,1) magnitude versus frequency
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3.1.2(c) Net phase of 45 degree phase bit

Net phase of 45 degree phase bit is difference of phase provided by transmission line and BPF
branch. It can be plotted versus frequency as given below.

45 degree phase bit

46 I I I I I l l l I
e e R e Eaeh EEEE T - ——— - - - SRR
4585 -———r--——- —— —— S S T R R b
S e T T
A5.6 il i ‘Sl i
L il e e s i~ - - Foom
L S T S R — T R - S —
4530 Ll L ]
G AS2 et 1T T i ST T
L e e T - - - e
S 45— REEE oo e Fom -
() | | | |
24 I N SRR SRS SR N o o N ]
o . | | | |
L e il e e i R i~ - X by
4461 - e P T e e S
e R R R A e
44.45F----- i v FTTTTT T T T T S
443 - === Rl Sk
LY e e R R R - ——— - - -
e R R I R R I
44 L L L L L | | | L

frequency(GHz)
Figure 3.10 net phase versus frequency of 45 degree phase bit

From above figure it is clear that at central frequency 1.5 GHz the net phase is 45 degree and
at corner frequencies it is 45.03 and 44.97. Hence the phase error of 45 degree phase bit is
0.03 degree.

3.1.3 results for 90 degree phase bit

First branch of 90 phase bit is a transmission line providing a phase angle of 90 degree. Its s-
parameter results are as given below.
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3.1.3(a) TL branch
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Figure 3.11 S(2,1) parameter of 90 degree TL branch.

22 24 26

Above figure show the phase of s(2,1) parameter variation with frequency. It is clear that at

central frequency 1.5 GHz, the phase is 90 degree. To get the same phase in frequency range

of bandwidth the phase slope alighment is used, which is provided by BPF branch. BPF is imple-

mented using L and C components.

3.1.3(b) BPF branch

0
-10 |
- i
20
)
2 | \
m -30— "
O i H
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04 06 08 10 12 14 16 18 20 22 24 206
freq, GHz

Figure 3.12 S(1,1) parameter of BPF branch versus frequency.
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The s(1,1) parameter represents return loss due to BPF branch. From the figure 3.2 it is clear
that at central frequency 1.5GHz, return loss is below —50 dB. At the corner frequencies of
bandwidth the return loss is —13.12 dB.

80
60— ~_
~—~ N \HI\
3 40 — By
o _
\U_)/ 20i
(]
n 0
ccs _
S 20
_ .
40— \\\
04 06 08 10 12 14 16 18 20 22 24 26

freq, GHz

Figure 3.13 S(2,1) parameter of BPF branch of 90 degree phase bit

Figure 3.13 represents S(2,1) parameter of BPF branch of 90 degree phase bit. It is clear from
the figure that at central frequency phase provided by BPF branch is zero and positive for fre-
quencies below central frequency and negative for frequencies above central frequency. In this
way the phase slope of TL branch is aligned by BPF branch.

0 0
| “H‘H\x
-10— -
P~ n \ // —-2 Qo
= 20— i~ oy
— ] \ / i ©
Y -30— \ N
S ] ¥ —4 &
40— [ -
B \
B L A L L L E A R H RN B
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
freq, GHz

Figure 3.14 S(1,1) and S(2,1) magnitude versus frequency
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3.1.3(c) Net phase of 90 phase bit
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netphase

freq, GHz
Figure 3.15 Net phase versus frequency plot of 90 degree phase bit

From above figure it is clear that at central frequency 1.5 GHz the net phase is 90 degree and
at corner frequencies it is 89.79 and 90.22. Hence the phase error of 45 degree phase bit is
0.17 degree.

3.2 Simulated results for 50% bandwidth phase shifter

Both the branches of phase shifter bit are simulated for different phase shift bits and their re-
sults are plotted as give below.

3.2.1 results for 22.5 degree phase bit

First branch of 22.5 phase bit is a transmission line providing a phase angle of 22.5 degree. Its s
-parameter results are as given below.

3.2.1(a) TL branch

The figure 3.16 show the phase of s(2,1) parameter variation with frequency. It is clear that at
central frequency 1.5 GHz, the phase is 22.5 degree. To get the same phase in frequency range
of bandwidth the phase slope alignment is used, which is provided by BPF branch.
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Figure 3.17 S(2,1) parameter of 22.5 degree TL branch.

3.2.1(b) BPF branch
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Figure 3.18 S(1,1) parameter of BPF branch versus frequency.

The s(1,1) parameter represents return loss due to BPF branch. From the figure 3.18 it is clear

that at central frequency 1.5GHz, return loss is below —50 dB. At the corner frequencies of
bandwidth the return loss is —20.19 dB.
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Figure 3.19 S(2,1) parameter of BPF branch versus frequency.

Figure 3.19 represents S(2,1) parameter of BPF branch of 22.5 degree phase bit. It is clear from
the figure that at central frequency phase provided by BPF branch is zero and positive for fre-
guencies below central frequency and negative for frequencies above central frequency. In this
way the phase slope of TL branch is aligned by BPF branch.
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Figure 3.20 S(1,1) and S(2,1) magnitude versus frequency
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3.2.1(c) Net phase of 22.5 phase bit

35

=1~

25— >

20—

. N

10\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\
04 06 08 10 12 14 16 18 20 22 24 26

freq, GHz

netphase
)
|
|

Figure 3.21 Net phase of 22.5 degree phase bit versus frequency

From above figure it is clear that at central frequency 1.5 GHz the net phase is 22.5 degree and
at corner frequencies it is 22.44 and 22.44. Hence the phase error of 22.5 degree phase bit is
0.06 degree.

3.2.2 results for 45 degree phase bit

First branch of 45 phase bit is a transmission line providing a phase angle of 45 degree. Its s-
parameter results are as given below.

3.2.2(a) TL branch
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Figure 3.22 5(2,1) parameter of TL branch of 45 degree phase bit
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3.2.2(b) BPF branch

The s(1,1) parameter represents return loss due to BPF branch. From the figure 3.23 it is clear
that at central frequency 1.5GHz, return loss is below —50 dB. At the corner frequencies of

0

20 T _—
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40— \f
) i \
) I
M -60— f
= i H

-80—| v

A0 T T

04 06 08 10 12 14 16 18 20 22 24 26

freq, GHz

Figure 3.23 S(1,1) parameter of BPF versus frequency

bandwidth the return loss is —14.52 dB.
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Figure 3.24 S(2,1) parameter of BPF versus frequency
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Figure 3.255(1,1) and S(2,1) magnitude versus frequency

3.2.2(c) Net phase of 45 phase bit
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Figure 3.26 Net phase of 45 degree phase bit versus frequency

From above figure it is clear that at central frequency 1.5 GHz the net phase is 45 degree and
at corner frequencies it is 44.93 and 45.08. Hence the phase error of degree phase bit is 0.07
degree.
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3.2.3 results for 90 degree phase bit

First branch of 90 phase bit is a transmission line providing a phase angle of 90 degree. Its s-
parameter results are as given below.

3.2.3(a) TL branch
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Figure 3.27 S(2,1) parameter of 90 degree TL branch.

Above figure show the phase of s(2,1) parameter variation with frequency. It is clear that at
central frequency 1.5 GHz, the phase is 90 degree. To get the same phase in frequency range
of bandwidth the phase slope alighment is used, which is provided by BPF branch. BPF is imple-
mented using L and C components.

3.2.3(b) BPF branch
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Figure 3.27 S(1,1) parameter of BPF branch versus frequency
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The s(1,1) parameter represents return loss due to BPF branch. From the figure 3.27 it is clear
that at central frequency 1.5GHz, return loss is below —50 dB. At the corner frequencies of
bandwidth the return loss is —9.12 dB.
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Figure 3.28 S(2,1) parameter of BPF branch versus frequency
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Figure 3.29 5(2,1) and S(1,1) parameter magnitude versus frequency
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3.2.3(c) Net phase of 90 degree phase bit
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Figure 3.30 Net phase of 90 degree phase bit versus frequency

From above figure it is clear that at central frequency 1.5 GHz the net phase is 90 degree and
at corner frequencies it is 89.72 and 90.21. Hence the phase error of 45 degree phase bit is
0.28 degree.

3.3 Three bit phase shifter design and simulation results

In the design of three bit phase shifter LSB represents 22.5 degree phase bit and MSB repre-
sents 90 degree phase bit. There are three bits in design so eight possible phase shifts are
there. Basic design of three bit phase shifter is given in figure 3.31.
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Figure 3.31 Basic design of three bit phase shifter using ADS simulator
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Figure 3.31 return loss variation of three bit phase shifter versus frequency
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Figure 3.33 Net phase of three bit phase shifter versus frequency
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Chapter 4

Conclusion and future work
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4.1 Conclusion

The main objective of this project was to design digital phase shifter which works in microwave
frequency range. The phase error and return loss should be within limits.

Three bits are designed separately then a three bit phase shifter is designed whose central fre-
guency is 1.5GHz and works in 30% bandwidth. The eight possible phase shifts are then pro-
duced with phase error within limits.

4.2 Summary of results

Table given below shows the summary of different phase bits designed.

Table 4.1 results comparison

Phase bit (degree) Bandwidth % Phase error (degree) Return loss (dB)
225 30 0.02 -24.56
45 30 0.03 -18.52
90 30 0.17 -13.12
225 50 0.06 -20.19
45 50 0.07 -14.52
90 50 0.28 -9.12

4.2 future work

The three bit phase shifter design can be fabricated and the results can be compared with
simulated results.

180 degree phase bit can also be designed and four bit phase shifter can be designed.
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