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SPDT SWITCH, ATTENUATOR AND 3-BIT PASSIVE PHASE SHIFTER BAS ED

ON ANOVEL SIGE PIN DIODE

ABSTRACT
Alex Olegovich Mikul, M.S.
Washington State University
December 2009
Chair: Deukhyoun Heo

This thesis explores the possible uses for a recently developtahcPIN diode
SPST switch in SiGe BIiCMOS process. The PIN diode utilisesctagonal anode shape
for an improved insertion loss while maintaining high isolation and weessured to be
advantageous to conventional MOSFET switchesaidKu frequency bands.

This work will cover the following implementations of the novel gotaal PIN
diode: SPDT switch, 3-bit attenuator and 4-bit passive highly lipease shifter. The
SPDT switch features the series-shunt and series-shunt-shunicdimdenation for RX
and TX arm, respectively. This combination was chosen for balancihged®
minimizing the insertion loss and maximizing the isolation. The cortibmaf series-
shunt-shunt 25 pm 50 pnf— 50 pni PIN diodes results in an isolation of 53.7 to 45.5
dB and an insertion loss of 0.74 to 1.4 dB over the frequency range B8 &Hz. Such
low insertion loss and high isolation will make this SPDT swdelign attractive for
beam forming systems that incorporteandKu band transceivers. The PIN diode 3-bit
attenuator provides for an accurate attenuation with a resolutiordBfdver the wide
frequency range of 6 — 16 GHz. One bit occupies only 0.068 winith results in a

small overall area. The passive topology provides for an increaggthput referred



point. Due to the high integrative ability of a novel PIN diode, thenagator can be fully
implemented on SoC.

A fully integrated highly linear 4-bit phase shifter utiligbe hybrid LPF/HPF
switched topologies to provide a resolution of 22.5°. The return input/outpus lolste
entire structure are measured to be 20 dB = 5 dB, the inpute@fd®3 to be 37 dBm,
and the phase variation to be +1.8° over the range of 14.5 — 15.5 GHz. Thislpfiase s
draws an average current of 3.5 mA from the 3.3 V source. The usdfestmtial
inductors instead of transmission lines helps minimise the laam@at which results in

lower cost implementation for SoC beam forming applications.
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CHAPTER ONE

INTRODUCTION

As the satellite communication systems become more complex aredrobust,
they are encountered with such challenges as cost and integrapabilities. Modern
satellite communication is done primarily with the use of pHaarray antennae. A
phased array antenna is composed of an array of radiating eleéhsrgmit signals with
varied relative phases. The resulting radiation pattern of theetbbeam is reinforced in
a desired direction and suppressed in undesired directions. First phassd
transmission was developed by Karl Ferdinand Braun in 1905 who demonstrated

possibility of transmission enhancement in one direction. Figure 1.ttsepBMEWS

solid-state phased-array radar at Fylindales base of Royal Aie.Forc

Fig 1.1 BMEWS solid-state phased-array radar at RAF Fylindales [27]



Phased array antennae offer many significant advantages owgentional

antennae:

* High gain width loss side lobes

» Ability to generate multiple steered beams from the same aperture

» Ability to allow the beam to instantaneously move from one tamyanother
in a few microseconds

* Arbitrary modes of surveillance

* One faulty element will reduce the beam sharpness but thersystl remain

operational

The beam steering can be expressed in terms of phase shift between two successive
elementsp, distance between two successive elements d, and a wavélagtbllows

(1.1):

g = arcsin%) (1.1)

The disadvantages include high cost and very complex structure that consists @foproces
and phase shifters for each element. However, with the developmeatsalid-state
device technology, phased-array systems become more compact and morblafforda
Generally, there are two types of phase shifting: IF pha#ingheand RF phase
shifting. Fig. 1.2 shows the IF phase shifting architecture. The iRputsignal is
amplified by LNA and then undergoes down-conversion to IF band by mxitngthe
LO signal. Because the phase shifting and the power combirengeaiormed at a low
frequency, the IF phase shifter exhibits lower insertion loss lamér DC power
consumption than the RF phase shifter. On the other hand, at low ftezgje¢he passive
lumped components, such as inductors and capacitors, occupy signifieageiy chip

area than RF phase shifting. At the same time, the frequenx®ysrare connected to a



low directional antenna and are susceptible to interference fitairextions. Also, the
generated inter-modulation products can propagate throughout theradreguse further

interference [1].
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Fig.1.2 IF phase shifting architecture [13]
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Fig.1.3 RF phase shifting architecture [13]



Phase shifting directly in the RF domain (Fig. 1.3) for each agtegnent is
widely employed in today’s phased-array communication syst€hescombined output
RF signal after the RF combiner has high pattern directivity aan substantially reject
an undesirable interference before the down-converting mixer. &hisingprove the
system’s signal to noise ratio (SNR) compared to the aramigethat utilizes IF phase
shifting and combining. In case of RF phase shifting, the LO disoibutetwork is
removed from the system which results in a simpler systers. dissertation work uses
the RF phase shifting architecture for the proposed phasersidRST and SPDT
switches [1]-[2].

Due to the fact that each individual component in the array isrEbig transmit
and receive signal, it utilises a transceiver (T/R) modulth@derminating element for
each channel. Typically, a T/R module consists of a transmjiatty (TX) and receiving
path (RX) designed in such a way as to feed the signal toxteera at the output of the
TX channel and feed the signal from the antenna to the input ofxtiobdnel. Fig 1.4
depicts a possible structure of a T/R module. By itself, such madkually does not
occupy a large space and is not costly to implement using theCMiithnology;
however, a phased-array antenna may utilise several hundred thousands elements.
Thus, the size and performance of every sub-block of a T/R moduleplaifl a
significant role in a final stage of the phased-array assembly.

Two crucial elements in the above diagram are the phase shifiethe single-

pole double-throw (SPDT) switch which connects the output/input of the T/R module to
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Fig 1.4 Typical structure of a T/R module
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SPDT Switch

the external antenna. It is extremely important to isolatd ¥hand RX channels in order
to prevent the signal leakage from TX channel into the RX channelgdiivé receiving
stage due to the high output power following the power amplifier {fPAX channel. At
the same time, the SPDT switch should have a high linearity in mrédgecommodate the
transmitted signal. Having high linearity and high isolation carchmllenging task for
the switch design, especially if utilising the CMOS tramssst On the other hand, the
phase shifter should be accurate enough to keep the beam sharpness at a high level.
Most high performance transceiver modules wused in phased-array

telecommunication systems are implemented in GaAs and InR[3emiconductor
technologies; however, due to low integrative capacity and high cékesé¢ materials,
achieving fully integrated System-on-a-Chip (SoC) has been ack&lenging task.
Recent developments in low-cost high-integrative silicon based teche®lbecame a
feasible alternative solution for fully integrated satelltemmunication systems.
Particularly the low-cost SiGe BICMOS technology is curretzoming one of the

leading choices for ever-expanding phased-array radio communication system



Utilising SiGe BICMOS technology has its drawbacks as .Wé{DSFET-based
switches suffer from low isolation, narrow band operational freqasnand poor
linearity. Active phase shifters such as the one proposed.liebeiz and his group also
lack robust power-handling capabilities, although they minimise tii2 fgower
consumption. Recently, the ARMAG group at WSU department of elakctand
electronic engineering have developed a novel PIN diode in 0.18-(b& BCMOS
technology [5]. By making this diode forward biased or reverse biaseah iact as the
low insertion loss high isolation highly linear SPST switch. Beftite implementation
of PIN diodes was mostly done in IlI-V compound semiconductor technoldigees
GaAs and InP) which prevented it from being integrated into low-sdisbn-based
technology. However, as the new PIN diode is developed in SiGe techniblogg be
fully integrated into passive circuits such as SPDT switch abddhigh-pass/low-pass
phase shifter. Whilst the implementation of this PIN diode wilserathe power

consumption, it will improve the insertion loss, isolation and power-handling capabilitie

A. Organisation

The principles of operation of a proposed novel PIN diode as well &fféoe of
its geometry on the performance will be discussed in chaptdreght€ 3 will present an
improved design of an asymmetrical PIN diode based SPDT switciClzequter 4 will
cover the design of a passive phase shifter based on hybrid low-gasgsaks filter
topology that utilises PIN diode SPST switch to shift betweesregrte and phase delay
paths. Chapter 5 will propose the future direction in the discussed topicthe possible

improvement of an existing design.



CHAPTER TWO

NOVEL HIGH ISOLATION LOW INSERTION LOSS SIGE BASED PIN DIO DE

A. Introduction

With the explosive growth in satellite and mobile communicationkets, low
cost and reconfigurable phase array communication systems lwreederemarkable
attention. The ability to fully integrate System-on-a-Chip (Sa@)j operate over a wide
bandwidth is the key to the realization of wideband or multi-bancllisat
communication systems. Recently, silicon based technologies heasmée low cost
alternative solution to IlI-V compound semiconductor technologies, suGaasor InP
[3]. For space applications, the radiation-tolerant and the low $i13¢ BICMOS
technology has emerged as technology of choice for the fastrgrophase array
communication systems [4], [6].

For the T/R module in satellite communication applications, high peaioce
switching devices are critical components for successful mysteegration. Geometric
and process optimization has been studied to improve PIN diode insers®ramnd
isolation [6], [7].

This chapter presents an in-depth comparison between conventional MOSFET
switch and a novel SiGe BICMOS PIN diode. A new theoretical aisabnd practical
verification of PIN diode performance based on measurement, emplogedhance the
performance of the PIN diode switch for microwave applicationsalacepresented. The
reasoning behind implementation of PIN diode for use in state-adrthdMIC satellite

communication systems is presented in terms of overall S-pamapegformance, power



handling capabilities, power consumption and the level of integratiofliconsbased

technologies.

B. Performance characteristics of an RF switch

Telecommunication satellite systems that utilise the phasayg-aantennae
operate at radio frequencies (RF) that range from 3 GHz to B8 Gut the most
common frequency band for satellite communications is Ku band. Aogotalithe IEEE
standard 521-2002, Ku band ranges from 12 to 18 GHz. At such frequencies, the
wavelength is only around 2 cm, so the size of the chip componenssaptagger role in
the overall performance of the system.

At Ku band, the performance of the switch will be evaluated using three important
criteria: return loss and insertion loss for “ON” state a@FF” state. The latter is
referred to as isolation in this thesis. Considering the shavelength of a signal, it is
impossible to ignore the effect of interconnections in a circhitisT the electric circuit
should be modelled as the collection of transmission lines of fiagths connecting
numerous active and passive devices. Equations that describe tHentyavave in a

transmission line are as follows (2.1 and 2.2) [8]:
V(2) =V*e™ -V e“ (2.1)

1(2)=1"e™ +] e (2.2)
where z is the axis of propagation, \and [ are voltage and current waveforms
propagating in positive z direction, ¥nd I are the waveforms propagating in negative z
direction, and k is the propagation constant for the given media.

At such high frequencies, the propagating wave will experiencectigfh if the



source impedance is not matched with the load impedance. Sindgmpghdance of
lumped elements such as inductor and capacitor varies with theefreg and the
operating frequency does not remain constant, it is not possiblehieva a perfect
match between two circuit components. This will result in a liagewave being
partially reflected from the load back to the direction of tbarse. The reflection
coefficient is defined as a ratio of reflected waved/incident wave 2.3) [8].

V-

Vv*

=

(2.3)

The reflection of the wave will result in the reflected powgr Whose ratio to
incident power R* will be equal toI]°. The return loss (RL) describes how much power
is reflected from the load and thus is defined in terms of tefleand incident power
(2.4). The return loss has the value of 0 when the wave encountersirepércondition
and is fully reflected. It would reach its maximum value«oif the wave was fully
transmitted [8].

P 2
RL=-10Mog(7) = ~100og|"|” = -200ogT | (2.4)
in

The transmitted power is the difference of incident power afieicted power,
i.e., R=P,"— PRy . The insertion loss (IL) defines the amount of transmitted powtér wi
respect to the incidental power. For passive circuits, the insddss (IL) can never be

less than O because it indicates perfect matching. The insles®mns defined as follows

[8]:

——10Eﬂog(P—>- ~100og(——"- '"P' n) = ~100og@-||*) (2.5)

n n

In this work, the terninsertion losawill be used to refer to the insertion loss when



the switch is turned on whilst the tersolation will be used to refer to the insertion loss

of the switch which is turned off.

C. PIN and PN diodes comparison

A conventional PN diode is formed by joining P-type and N-typeic@Enductor
materials together. Although PN diode enjoys many uses, it iscopsnonly used as a
rectifier. Depending on the biasing conditions, the PN diode may be iofdhe three
regions of operations: forward, reverse and breakdown (fig 2.1). Winemartb biased,

the diode will start conducting current when the forward voltagehes the valuey.

When reverse voltage is applied, the diode will have a very smmaumst of reverse

saturation voltage. If the reverse voltage is increased gpaghe diode will enter the

breakdown region that is likely to destroy the PN junction [9].

Breakdown Reverse Forward

Fig. 2.1 IV curve of a conventional PN diode
Unlike PN diode, PIN diode consists of P-type, N-type and wide intrinsi
semiconductor regions. The intrinsic region is situated betweeypdN-and P-type

materials. PIN diode is inferior in its rectifying propertiesit it can serve as a high-

10



performance RF switch. The intrinsic region is filled withcelens and holes from N-
type and P-type semiconductor regions, and under equilibrium conditiontineler is
equal. When the PIN diode becomes forward biased, the amount of dngsotgers
increases to a number that is several order of magnitude higheth®aamount of
intrinsic carriers. Thus, the intrinsic region serves as chstigage during the forward
bias operation. At high frequencies, the PIN diode displays behauilargo that of a
perfect resistor wherein resistance is inversely proportiongheéoDC bias current
through the diode. This makes the PIN diode to display very linear behavienrfor
large signals. At the same time, wide intrinsic region fiamtly reduces the PN
junction capacitance that is formed when the diode is reversekydovahich results in an

improved isolation compared to a PN diode [10].

D. SiGe Based PIN Diode Structure

Due to its structure, most PIN diodes were fabricated in GaAsRoprocesses;
however, several students from ARMAG group, notably Le Wang and Pauingwere
able to fabricate PIN diode in BICMOS SiGe technology by usiBj layers. In a
standard SiGe 0.1@m BICMOS process, PIN RF switches are realized with HBT
material layers: thé>+ base layerN-epi collector layer, and buriet+ subcollector

layer, as shown in Fig. 2.2.

11



P-contact

MN-contact M-contact

p substrate

Fig 2.2. Ideal Vertical PIN diode cross-sectional view

The equivalent-circuit model from the physical geometry of tiNe RF switch is
described in Fig. 2.3 [11{; andC; are the capacitances between anode and ground, and
between cathode and ground, respectivElyis the parasitic capacitance between the
anode and cathode contad®. is the contact resistance, which consists of the anode
contact resistancBca and the cathode contact resistaRge. Ry is the resistance from
the un-etchedN-epilayer.R, is the variable resistance that is inversely proportional to
DC bias currentC; is the variable junction capacitance that too depends on the amount of
injected carriers in the intrinsic regioRs is the parasitic resistance in the p-substrate
material. As it is clear from the figure 2.3, N+ subcollectod g-substrate form a
parasiticPsub-Nwelldiode in which N+ subcollector is cathode and p-substrate is anode.
Cpp is the variable capacitance of this paradiraub-Nwelldiode that varies with the

width of the depletion region depending on the bias voltage.

12
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Fig. 2.3. PIN diode cross-sectional view in a standard SiGe process [11].

For the PIN RF switch, the crucial performance criteria #re forward bias

insertion loss and the reverse bias isolation. Fig. 2.4 (a) and (b) thleosmall signal
equivalent circuit models of the PIN RF switch based orstparameter computation.

In the forward bias condition, the current-dependent resist&ceom the

intrinsic region is represented by (2.6).

R = W, W
I 2#T0J01/3A1/3|dc2/3

(2.6)

where,rg is the effective minority carrier lifetime for a given insic layer widthwy and
current densityly, w is the width of the intrinsic layerA is the device’s anode area,is

the average electron and hole mobility , &nds the forward bias current [6].

13



Anode I Cathode

Port 1 RetRu  Ri 0| Port2

Anode Cathode

— W —]—

Port 1 Rc+Ry  Cu g Port 2
Ci
° _ T

(b)

Fig. 2.4. Small signal equivalent circuit models for PIN RF switch (a) Equivaileuits
for “on” state (b) for “off” state [11].

From fig. 2.4 (a) and (b), it is possible to derive an analyggaression for S-

parameters, particularly for the insertion loggs&hd isolation & as follows [11]:

| \
Z[] “_“ +R‘, !

sC, | SCPI}

S, = 1 ;
R+ Ry +R)+Z, || || \
SCP PD‘ (2 7)
0

(Re+ Ry + R)+ 2y || —— ||‘

5Cpp

14



where, 2 is the characteristic impedance %ﬂécz > |RC +R, +R | and
S

1

Zy |
5,2 = — G
i 1 YR R
Z{J||—+ [Rc‘+R.-\-'J —”—
sC, | sC, | sC, (2.8)
1
Z[] ”_
_ sC,
1 1 1
Zy || —+ |
sC, sC, sC,
1
where we assume th}a\— 2|R. +Ry|.
sC,

The forward bias currerit; consists of recombination,., and diffusion,l i,
currents [7].1g¢ is 10° times smaller than thke, and thus is not considered in the
calculation.le. is the sum of bulk recombination current, whichpreportional to the
diode area,A, and the surface recombination current which ispeprtional to the
perimeter lengthP. Since the major recombination occurs at the pstemand not the

bulk, the bulk recombination current is omitted 2.

2 2KT
= (q s, LN P) exp{qug/_rj

o= (WNIND )L sy P)exp(ﬂ]
2.9)

where, vy, is the thermal velocity of the carriels, is the trap concentration,is
the capture cross section of the deep tvéps the effective depletion width where the
carrier recombination is significanty is the intrinsic carrier concentratios, is the

surface (perimeter) recombination velocity ard the surface diffusion length.

15



Sincel/r,=v

im(P/ A andvpenim is the effective surface recombination velocity,

by employing equations @ and(2) in (1), we can obtain [11]:

VY WY i

atfos me{%)rx@

Eq. (3) shows thaR is inversely proportional to the device’s area. By

R= (2.10)

minimizing the anode’®/A ratio, the current dependent resistance can heceedand

forward bias insertion loss is improved.

E. PIN and MOSFET RF switch

MOSFET (metal-oxode-semiconductor field-effect siagtor) can also be used as
an RF switch. A typical MOSFET (Fig 2.5) consisfspoly gate, N+ type drain and
source (P+ for PMOS), and p-substrate used as g bbdhe transistor (N-well for
PMOQOS). The gate electrode is located above the laodly between the drain and the
source, and is insulated from the body by a digtetayer. In NMOS, when a voltage is
applied to the gate, the body underneath the gatecttic will form an inversion layer
(also called n-channel) which will become the etattpath from source to drain. The
principle of operation of PMOS transistor is simileaxcept that the N-well material
underneath the gate dielectric will form a p-charpeth that would conduct the holes
between the drain and the source. P-substrate amdllNan be biased in a certain way
to change the threshold voltage, which would, m.tehange the transconductance in a

desired way.
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p-substrate p-substrate

Fig. 2.5. Cross-section view of NMOS transisteft] and PMOS transistor (right).

The resistance of the formed n- or p-channel if'@MN” state for the transistor is

described as follows [12]:

Rs = 1

- W (2.11)
HC,, n (Vas —V1)

where U is the electron or hole mobility,@ the gate dielectric capacitance, W/L is the
ratio of channel width to channel lengthgads the voltage difference between gate and
source, and Ms the threshold voltage.

The junctions between different semiconductor nmater create parasitic
capacitances which will affect the performance led MOSFET RF switch. Fig. 2.6
depicts the MOSFET in “OFF” state with parasiticp@aitances between different

terminals.
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Go 1] B |
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Cgs:: Csb::
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Fig. 2.6. NMOS transistor with parasitic capautas in “OFF” state

The corresponding & capacitance can be found by combining parasitic

capacitances from fig. 2.7 to achieve the followaxgression:

C,C
COFF :Cds + Cstdb + gd™~gs
Csb + Cdb ng + Cgs

(2.12)
When a MOSFET is used as the switch, the chanssitamce in “ON” mode and
the combined capacitance in the “OFF” mode willedgtine the switch performance
related to the on-state power handling capabilitgt aff-state isolation, respectively. In
terms of linearity, insertion loss and isolatiomavel PIN diode designed and fabricated

by ARMAG group shows improved performance while ogmg the same level of

integrative ability as the MOSFET device in SiGeqass.
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CHAPTER THREE
HIGH ISOLATION LOW INSERTION LOSS PIN DIODE BASED SPDT

SWITCH DESIGN

A. Introduction

Modern communication systems utilise thousandoofponents in their phased-
array antennae. Each component is able to tramsmditeceive radio signals; therefore, it
works as the transceiver. In each transceiverirdresmitting path and the receiving path
utilise the same antenna in order to minimise tle@a.aMost commonly, such antenna is
connected to the transceiver via a single-pole Eoetiisow switch (SPDT), so the
performance of each individual switch is cruciathe overall performance of the entire
phased-array communication system.

As depicted in fig. 1.4, the transmitter generaibes a power amplifier (PA) for
the final amplification of the signal before itfed to the antenna. On the other hand, the
signal that is fed to the receiver from antenngeiserally attenuated due to the distance it
travels from the source. Thus, the LNA is typicallyed at the input of the receiver to
amplify the incoming signal while keeping the nofsgure low. Ideal SPDT switch
would completely separate transmitter from the ik@eepreventing any leakage between
them. While reducing the insertion loss betweenréoeiver/transmitter and the antenna
is beneficial, the most crucial characteristic bé tswitch is the isolation between
transmitter and receiver when the transceiver apgra the receiving mode. Since the
transmitted signal has a large power, even a desthge into the receiving channel will

cause a significant interference with the recesigdal.
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Due to the fact that most PIN diodes used to bedated in InP or GaAs, their
integrative ability was insufficient to be used spstem-on-a-chip (SoC) [3],[4]. Such
implementation would be costly and would resultairgreater chip area. This was the
reason for the popularity of inexpensive and highkggrative MOSFET switches that
were widely used as building blocks for SPDT sweshHowever, MOSFET switches
developed in a standard CMOS process suffer frdpsteate parasitic capacitances, low
breakdown voltage and low mobility. One of the laggdrawbacks of the MOSFET
switches is the existence of parasitic junctiordd®that would leak the negative voltage
swing.

This chapter will discuss the previous PIN diodedahdesign of a symmetrical
SPDT switch proposed by an ARMAG member Pinping 88} and will propose the

improved version of a symmetrical as well as asymos SPDT switch.

B. Conventional symmetrical PIN diode based SPDT switch design

Conventional symmetrical SPDT switch design cossadt one series and one
shunt PIN diode SPST switch for each arm of thestaiver (Fig. 3.1). The through path
between RF IN and RF OUT1 is activated by turningseries diode D1 and turning off
shunt diode D2. This is achieved by applying a D&slvoltage of OV at the RF IN
terminal and a negative bias voltage at the RF Otdfiinal. The isolation path between
RF IN and RF OUT2 exists when the series diodevense biased and the shunt diode is
forward biased by applying bias voltage of OV atIRFand a positive bias voltage at RF
OUT2. This topology would provide the same degreisalation between RF OUT1 and

RF OUT2 arms.
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D1 Transmission Line

> | ———0°

RF OUT 1

D2

Transmission Line

o] - L

RF IN

Transmission Line

[ o
N f l RF OUT 2

Fig. 3.1. Conventional design topology of an SHBN diode switch

The main application of SPDT switch as discussetthimmwork is to be used in a
transceiver; thus we can virtually assign the ittt IN to be the input/output of the
antenna while RF OUT1 and RF OUT2 will be the ottgfuhe receiver and the input of

the transmitter, respectively.

C. Degradation effect of a parasitic Psub-Nwell diode

PIN diode includes a parasitic PN diode formed ty N+ subcollector and p-
substrate layers as depicted in fig. 2.3. The dwatebe turned on if N+ subcollector is
negatively biased compared to p-substrate. In arsatic view, it can be presented as a
shunt PN junction diode whose anode is connectedréaind (since p-substrate is
connected to ground) and whose cathode sharesathe werminal with the series PIN
diode’s cathode (fig. 3.2.). The shunt diode D2 alxludes the parasitic Psub-Nwell

diode, but it remains turned off at all times [13].
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D1 Transmission Line
|
P 1

D2

RF OUT 1

Transmission Line

o—] =1

RF IN

Transmission Line

[ o
N T l RF OUT 2

Fig. 3.2. Conventional design topology of an SHBN diode switch including
parasitic Psub-Nwell diodes

While the effect of a parasitic diode might be gagle for small signals, it may cause

leaking when the larger voltage swings occur acttbode of a series diode.

D. Improved design of PIN diode based SPDT switch

Whilst it is impossible to eliminate the above sitia diode, its effect can be
minimised. By reversing the polarity of PIN diodis the circuit and reversing the
biasing settings at the terminals RF OUT1 and RHRQUhe parasitic diodes produced
by series PIN diodes will be positioned in suchaywhat both their cathode and anode
terminals will be connected to ground. The parasitiodes produced by shunt PIN
diodes will be positioned in parallel with themdescribed in fig. 3.4. Such topology will
ensure that parasitic diodes will either not benvBod biased or will have the same

polarity as their “master” PIN diodes. It does raiywever, fully eliminate the possibility
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of a large negative voltage swing moving the caghpaokential into the negative area.

D1 Transmission Line

< | ———0°

RF OUT 1

D2

Transmission Line

o] - L

RF IN

Transmission Line

< | —

RF OUT 2

Fig. 3.3. Improved design topology of an SPDT Eibble switch

D1 Transmission Line
K |
l RF OUT 1
AD2
Transmission Line
RF IN l =
Transmission Line
|
RF OUT 2

s

Fig. 3.4. Improved design topology of an SPDT Hible switch including
parasitic Psub-Nwell diodes

Each arm of the switch implements a series-shurdedcombination. This is a
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most common topology used for SPDT switch whethes based on MOSFET SPST
switches or PIN diode SPST switches. ARMAG groupdpced three PIN diodes with

different anode area: 6.25 an25 unf and 50 prh PIN diode with the smallest anode
area would increase the isolation due to reducedcd@pdcitance but would increase the
insertion loss due to the smaller contact area.tl@nother hand, PIN diode with the

largest anode area would decrease the insertianblosalso decrease isolation. It was
experimentally determined that 25 fim50 pni series-shunt diode combination would

result in the best balance between lowering ingetbss and increasing isolation.

E. Asymmetrical design of PIN diode SPDT switch optimised for use in

transceiver applications

Symmetrical topology of SPDT switches discussegarts B, C, and D provide
for identical insertion loss and isolation betwd®i IN and RF OUT1 and between RF
IN and RF OUT2. However, in case of transceiverliagpon, such symmetry may not
yield the optimum results. The balance betweenriiogse loss and isolation for the
transmitter is not the same as the balance fordbeiver. Since the incoming signal at
the receiver’s input is very small, it is importaatminimise the insertion loss in order to
prevent the incoming signal from further attenuati&or the transmitter, on the other
hand, it is not very critical to maintain very mmmal insertion loss because the
transmitted signal already carries large powels lof crucial importance to instead
minimise the leakage from the TX channel into thé &annel during the receiving
mode. In light of these requirements, an improveghanetrical topology is proposed in

which the transmitter arm of the switch will utdiseries-shunt-shunt diode combination.
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Such combination will increase the insertion logs tb leakage from two shunt diodes,
but most importantly, it will increase isolationttyeen antenna and TX path when the

transceiver is operating in RX mode. The proposedlbgy is presented in fig. 3.5.

D1 Transmission Line

< | —

RF OUT 1

D2

Transmission Line

o—] — L

RF IN

Transmission Line

[ o
K f I RF OUT 2

Fig. 3.5. Asymmetrical topology of an SPDT PINdk switch for improved isolation

This design too features reversed polarities ofRh¢ diodes to minimise the effect of
parasitic diodes. Fig. 3.6 depicts the schematewvof the asymmetrical topology
including the parasitic diodes. The drawback of thesign is 25% increase in DC power

consumption when the transceiver is in the RX mode.
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D1 Transmission Line
|
K | '—O

RF OUT 1
A D2
Transmission Line

0—‘ '_‘T = =

RF IN

Transmission Line

TK | ——o

RF OUT 2

Fig. 3.6. Asymmetrical topology of an SPDT PINdk switch for improved isolation
including parasitic Psub-Nwell diodes

F. Asymmetrical SPDT switch performance and implementation

The simulation results for RX arm and TX arm of #symmetrical SPDT switch
are presented in fig. 3.7 and fig. 3.8, respecqtivEhe operating frequency range is from
6 GHz to 18 GHz which fully covers X and Ku band®d for communication satellites.
The post-layout simulations were performed with plagasitics extracted from the final
layout utilising ADS Momentum tool and the BICMOSG® 0.18-um substrate data
provided by Jazz Semiconductor. For RX arm of thigch, the insertion loss varies from
0.72 dB at 6 GHz to 1.15 dB at 18 GHz, the isofatiaries from 48 dB at 6 GHz to 40.5
dB at 18 GHz, and the return losses are all ab&vdBl For TX arm, the insertion loss is
slightly higher ranging from 0.74 dB to 1.4 dB oude range of 6 — 18 GHz, the
isolation is improved compared to RX by about 5rdBging from 53.7 dB at 6 GHz to
45.5 dB at 18 GHz. The return losses are abovelB.9he average current being drawn

from 2 V source is 2-3 mA, depending on whetherstigch is in RX or TX mode.
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Table | presents the comparison between the prdpasgmmetrical switch and
the MOSFET SPDT switch in [15] and [14] with impeda transformation network
(ITN). Due to superior insertion loss and isolatiohPIN diode SPST switch, SPDT

switch presented in this work shows lower insertioss and significantly improved

isolation compared to CMOS switches in [15] and|.[14

PERFORMANCECOMPARISONOFPROPOSEDSPDT SVITCH

TABLE |

WOTI’EI;X onrﬂlix [15] [14]
Insertion Loss (dB) @ 15 GHz 0.72 0.74 1.8 3.5
Isolation (dB) @ 15 GHz 42.1 47.3 17.3 40.5
ize;ﬁ”gflsfs(zd;)é" hl‘;”éﬂis""imh 13/135 | 11112 | 24125 | 195
Power Supply (V) 3 1.8
Power Consumption (mW) 4-6 0 ~0

The fabricated series-shunt and series-shunt-sRU¥t diode SPDT switches

measure 673 um by 385 um each (Fig. 3.9 and 3.10).
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CHAPTER FOUR
3-BIT PIN DIODE BASED ATTENUATOR

A. Introduction

State-of-the-art satellite communication systemissetphased-array antennae to
produce a beam in a desired direction. In turnhedement in the phased-array antennae
utilise phase shifter and amplifiers in order td 8 correct phase delay and the
magnitude of the signal waveform. At times, vamalgain amplifiers (VGA) are
deployed to vary the signal magnitude, but as ewther active device, VGA may
produce distortion and contribute to noise degradain addition, CMOS VGA do not
typically operate over the wide frequency bandscémntain applications, it might be
crucially important to produce accurate attenuatteps rather than to maintain the
overall gain.

If the primary concern for the signal attenuatisrpower handling capabilities,
wide frequency band and accurate attenuation séepassive PIN diode based attenuator
might be considered. This chapter will present3t®t passive PIN diode attenuator that

is operated with discrete switching control.

B. I1- and T-network attenuation design

Single cell attenuator can be represented as apbomonetwork that can be
described in terms of Z parameters. The most comatt@muation topologies afétype
and T-type, ash shown in fig. 4.1 and 4.2. Basedhendesired attenuation, input and
output impedance, it is possible to calculate thkeies of the resistive components. The

resistive topology was chosen for maximising theq@rency band and reducing the
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effective area of the chip. Equations (4.1)-(4.8) §4.4)-(4.6) allow for calculating the

values of R1, R2, and R3 fbi-type and T-type networks, respectively [8].

Rs
O O
Input  Zi, R, R, 7., Output
Port Port
O O

Fig. 4.1. Tl-type network attenuation topology

1 Zin |:Zou
R, = > (L0-"*° -1) T/lot (4.1)
_ 1
R= 100417 1 (4.2)
z,007°-1) R,
_ 1
R = 1080 +1 1 (4.3)
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o— ———0
Input Output
Port Zin R3 Zout Port

O O

Fig. 4.2. T-type network topology of an attenuato

— \/Zin |:Zout D'OL "o
RS =2 10-1° —1 (4.4)
loL/J.O +1
R = 100 1 Z, - R, (4.5)
10L/10 +1
R, :mTo_l[Zout -R (4.6)

C. Proposed topology of PIN diode based attenuator

As shown in previous chapters, a novel PIN diodsigied and fabricated by
ARMAG group achieves low insertion loss, high isima and high power handling
capabilities. This diode is used as a SPST switcthé proposed attenuator design to

switch the signal between reference path and atemupath. Fig. 4.3 presents a single
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cell of the attenuator. Two 50 fRIN diodes (D1 and D2) are included in the refeeenc

Vb2
VY D1 D2 A
RF IN RF OUT
D3 D4 A
Vb1

!

Fig. 4.3. Single cell of the PIN diode basedraitdor

path (path that provides the least attenuation)tewd50 pni PIN diodes (D3 and D4)
are used in the attenuation path. The size of 50wams chosen for each series diode due
to its low insertion loss. At the same time, seseses topology would ensure improved
isolation. The insertion loss due to series-sewesfiguration for reference and
attenuation path would be the same, so the relattemuation would only depend on the
resistive attenuation network. By biasing diodemtike them forward biased or reversed
biased, we can enable reference path while digabtia attenuation path, and vice verse.
For the attenuation path, a resistive T-networkokogy was chosen ovdi-network

topology in order to reduce the chip area. SineeRHN SPST switches are controlled
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with the bias DC current, the design needs tosetithe DC blocking capacitors that
would prevent DC current from leaking to the growardl at the same time ensure the
broadband performance of the attenuator. ThusiWerk topology would utilise one DC
blocking capacitor whilstI-network topology would need to utilise two. Depiggdon
the operational frequency, the size of such DC Kihar capacitor would vary ranging
from ~7 pF at 6 GHz to ~2.5 pF at 18 GHz. The aiea reduction becomes even more
significant if several attenuation cells are usethe attenuator.

The switching between reference and attenuatiohspatcurs in the following
way: when \; =0V and 4, = 3.3V, diodes D1 and D2 are forward biased wtitzles
D3 and D4 are reverse biased which results ineater path being the pass-through path
for the RF signal while attenuation path is isalat&/hen \4; = 3.3 Vand M, =0V,
diodes D3 and D4 will be forward biased while died¥l and D2 will be reverse biased
which will turn on the attenuation path and turhtb€ reference path for the RF signal.

As it can be recalled from chapter three, the Nacsllector layer and p-substrate
layer of a PIN diode will form a parasitic Psub-Nwediode. The cathode of such
parasitic diode shares the same terminal with thedtode’s cathode, and its anode is
connected to ground. Since this anode has theamnisitas potential, the parasitic diode
may enter into forward bias region if there is egéanegative voltage swing at its
cathode. This would produce signal leakage, and aonsequence, degradation in
linearity. By setting bias voltage to zero or pesitvalue, we ensure that DC voltage will

not drop below zero and will not turn on the paras?sub-Nwell diode.
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D. Proposed topology of 3-bit PIN diode based attenuator

The proposed 3-bit attenuator is composed of thtemuation cells from fig. 4.3
connected in series. Adjusting the values of T-oetwesistors, we can set the desired
attenuation relative to the reference path. DC Wi capacitors will ensure the
separation of different DC bias currents. Fig. depicts the proposed 3-bit attenuator.
The attenuation steps are produced by switchingdest the attenuation path and the

reference path for each individual cell.

1dB I 2dB I 4 dB

—

Fig. 4.4. 3-bit PIN diode based attenuator

E. Implementation and Simulation Results

The post-layout simulation results were performed the circuit using the
extracted RLC interconnections parasitics that vadrined utilising ADS Momentum
and the substrate data provided by Jazz Semicamdimt BICMOS 0.18-um SiGe
process. Simulation results show quite accurateadivand performance over the
frequency range from 6 GHz to 16 GHz (Fig. 4.5)r Hoe 3-bit attenuator, each

individual bit would provide 1 dB, 2 dB and 4 dBeatuation; thus, the resolution is 1 dB
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and the maximum possible attenuation is 7 dB. Aseeted, the error is accumulated

with every enabled attenuation cell. The largestiad®n occurs for the maximum

relative attenuation of 7 dB and constitutes 0.B5 d

-6.0
-__-_----—-—
-—-—-—-___-_-_----
--—-__-___-_-__--—_
-8.0 ——....._____________________-_-“
""---._______--_
e
T_10.0
g S — -__-_-__""---.
-14.0 = ]
__"-—..____‘\
-16.0
6.0 8.0 10.0 12.0 14.0 16.0
freg (GHz)

Fig. 4.5. Simulated S-parameters performandbenB-bit attenuator
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Fig. 4.6. Microphotograph of a 3-bit attenuator
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The fabricated PIN diode based 3-bit attenuatorsenes 850 um by 412 um
(Fig. 4.6). The performance measurements are innikial stage and are expected to
closely match the post-layout simulated resultsgmeed in fig. 4.5.

Table Il presents the comparison of the PIN diodseld attenuator discussed in
this thesis with [16] and [17]. From table I, theposed 3-bit SiGe PIN diode attenuator
has the comparable frequency range, insertiondodsreturn loss; however, the biggest
advantage is the small chip size and the fabrioatast. The attenuator proposed in this
work can be easily integrated in the SoC satetidemunication systems which would

result in significant cost savings.

TABLE Il
PERFORMANCECOMPARISON OFPROPOSED3-BIT PIN DIODE ATTENUATOR

[16] [17] This work
Device Technology pﬁgﬁ/IST Ing I?\IAS ?Dil(f\le
Freq (GHz) DC -40 6 —20 6—16
Number of bit 5 3 3
Attenuation Range (dB 23 28 7
Insertion Loss (dB) 6.0 — 8.0 40-456.0-8.0
Return Loss (dB) 14 10.0 12
Size/bit (mni/bit) 0.89 0.49 0.069
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CHAPTER FIVE

HIGH LINEARITY LOW POWER PIN DIODE PHASE SHIFTER DESIGN

A. Introduction

Phase shifters enjoy a wide variety of applicatiaspecially as an integrative
part of beam-steering devices in phased-array aategstems to electronically control
the radiation pattern by reinforcing it in a dedirdirection and suppressing it in
undesired direction. The traditional implementatadrphase shifter was that of GaAs IC
technology or micro-electromechanical systems (MEM& high-end military and
commercial applications. However, due to low in&tiye capabilities such
implementations result in high cost. MOSFET-basetiva phase shifters can also be
utilized in beam-forming applications, but the sféte capacitance of a MOSFET
negatively impacts the performance by limiting feadwidth. In addition, because of the
active nature of MOSFET-based phase shifters,itieatity tends to degrade as well.

Recently, phase shifters have been implementedMOE or silicon germanium
(SiGe) BICMOS processes for high-end applicatiot®],[[19]. Development in SiGe
BiCMOS technology offers microwave performance witigh integration levels that
makes it possible to design low cost, compact, lgghformancephase shifters. This
chapter describes an MMIC phase shifter developeal standard six-level metal SiGe
BiCMOS process that offers high performance traosswith peak cutoff frequency)f
of 155 GHz and high quality passive componentsvafety of circuit topologies has
been proposed for the implementation of MMIC phakédters [19]-[21]. The high-
pass/low-pass filter topology is widely used duexaellent power-handling capability

[22]-[23]. This technique will be used to impleméiné¢ 4-bit phase shifter.
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B. Phase Shifter High-Pass/Low-Pass Filter Topology

MMIC phase shifter was designed in a 6-level métdB8-um SiGe BICMOS
process taking advantage of high-frequency tramsi'stut-off frequency of 155 GHz as
well as high-quality passive components. Figuredekents topologies for the 180° and

90° bits of the phase shifter.

3.3V/0V I 3.3V/1V =
R3 c2
R5§ §R6
L1 L2
c4 c5
Pt
L4
R1 R2 ‘*j*’
c6
) R4 ) M1 gv/1.8v
0Vv/3.3V L5
(a) (b)

Fig. 5.1. Circuit topologies for each bit withféifential inductor (L3 and L4) and
high performance SiGe PIN diodes for 188F, 45, and 22.5 phase shifter bits: (a)
180 phase shifter bit; (b) 9045°, and 22.8 phase shifter bits [26]

The 180 phase shifter bit is based on hybrid topology thsgs high-pass/low-
pass filters utilizing SiGe PIN diode switches. Higassn-shape filter (HPF) has the
least negative phase delay, which serves as aeneferpath. The 9045, and 22.5%
phase shifter bits use bridged-T type filter utiig both PIN diode and MOSFET

switches to improve linearity and insertion lossy@daDC power consumption,

respectively. A low pass T-shape filter (LPF) hlas most negative phase delay which
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serves as delay path.

The linearity performance of a SiGe phase shifteh \an integrated LNA was
characterized in [20]. High linearity of phase ##ifis one of important requirements for
the beam former applications in jamming environraetn this dissertation, improved
linearity performance of a silicon PIN diode-bagdthse shifter will be demonstrated.
The PIN diode switch is inherently more linear hesgaits off-state capacitance is mainly
determined by the width of the intrinsic region atah be treated as a fixed value; thus
mitigating the large-signal distortion effect. Fominiature design, differential inductors
are used to replace the long transmission lineso,Atybrid switched-filter topology is
implemented with two different switches: SiGe Pliddgs [25] are used on an RF signal
path for high linearity and low insertion loss, dMOSFET switches are used for parallel

resonance to achieve low insertion loss with redyomver dissipation.

C. Phase Shifter Design Calculations

As shown in Fig. 5.1, the 180it employs a high-pass/low-pass filter becauie th
structure can achieve a large phase shift overde Wequency range. The high-pass -
shape filter (HPF) has the least negative phase/@&ld serves as the reference path. The
low-pass T-shape filter (LPF) has the most negathase delay. First-order formulae for

the component values in high-pass/low-pass fikeesmodified from [23]:

L=L,= Z,sin(@,)

> w(l-cos@,) ®-1)

1

cC=—-
7 iz, sin@) (5:2)
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L 1-cos@,)

3 = Z
2 T wsin@,) (5:3)
sin(@,)
c, =N,
3 azo (5.4)

Zy is 50 Q characteristic impedance. In (5.3) tepresents two inductances for either
side of the LPF#; and#, are frequency-dependent phase delays for the gagh-and
low-pass filters, respectively. Eq. (5.5)-(5.7) wisothe relative phase shifth{ 6,)
between high-pass and low-pass filters. The devealf the argument inside the inverse
cosine function in (5.5) over frequency is zerovgtwhich implies that the relative phase

flattens out around the centre frequency.

g = ootk _[1KCs 1
6,-6, cos( ( 5 w2+L1C1w2B (5.5)
= —L3C3 &
“=*ac e )
1

“=LcLC 2 57

Customized octagonal shape 257N diodes (insertion loss 1 dB) are used on the
HPF path, and 50 pnPIN diodes (insertion loss 0.8 dB) are used on the LPF path as
single-pole-double-throw (SPDT) switches [25]. Tuse of two different PIN diodes is
applied to achieve a balance of insertion lossésden the two paths. Larger PIN diodes
have lower insertion loss but worse isolation, whsimaller PIN diodes gives better
isolation but higher insertion loss. In all phakéter bits, a PIN diode switch is used in a
series fashion because it generates less distdhi@ona shunt PIN diode switch.

The 90, 45, and 22.8 bits use a bridged-T filter since it has lowereiri®n loss
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and provides medium phase shift. As can be seé&igirb.1(b), a differential inductor is

used instead of two single-ended transmission linagminimize chip area. The 50 gm

PIN diodes are used as single-pole-single-thron5{§Rwitches for low insertion loss.
When the PIN diode is turned on, the reference platminates the signal routes L

resonates with the parasitic capacitangér@n M; at 15 GHz to float the LPF. When the
PIN diode is reverse biased; is grounded by M and the LPF routes the signak.dnd

Cs are based on Eq. (5.3)-(5.4)s ¢an be derived from Eq. (5.8).

L = 1

= o~ 5.8
5 a)ch ( )
D. Implementation and Measurement Results

Fig. 5.2 shows a photograph of a fabricated 4 bdse shifter. The die size is
only 1.6 mm x 0.37 mm, excluding the testing padl.four phase shifter bits are
cascaded in a row so that they provide digitallytoaled 16 phase states betweé8rafd

360 with 22.5 granularity.

180° 90° 45° 22.5°

Fig. 5.2. Chip photograph of the 4-bit phase shiftestandard 0.18 um SiGe BiCMOS
process (1.6 mm x 0.37 mm excluding the testing pgb].
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Fig. 5.3 shows the measured 16 phase states frd&srGHz to 15.5 GHz with on-
wafer probing. This phase shifter has a maximumseharror of 18%at the nominal
18(P phase state because of the inaccurate isolatiatelnad the 25 pmPIN diode used
in the HPF path at the prototype circuit designsehavhich also causes the joining
between the 180and 157.% phase states at around 15.5 GHz. This phase earobe
corrected with a modified isolation model of 25 1N diodes. For most phase states,
relative phase variation is less than £1o8er the 1 GHz frequency range. The 157.5

phase state has a relative phase variation off@ 14.5 to 15.5 GHz.

360

W

o

o
T

N

~

o
[

180

120 ¢

Relative Phase (Degree)

o
o
T

0

145 14.6 14.7 14.8 149 15 15.1 15.2 15.3 15.4 15.5
Frequency (GHz)

Fig. 5.3. Measured relative phase shifts for alphése states [26].
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Frequency (GHz)

Fig. 5.4. Measured insertion losses for all 16 phstates [26].
Fig. 5.4 shows measured insertion losses from 1ZDtGHz. At the 14.5 ~ 15.5

GHz frequency range, the insertion loss is 13.2dBdB, caused by PIN diode switches

and passive components along the signal path5Bgand 5.6 show 20 dB £ 5 dB return

loss for both the input and output ports.

=
o

Input Return Loss (dB)
A
(6]}

1 3 5 7 9 11 13 15 17 19 21 23 25
Frequency (GHz)
Fig. 5.5. Measured input return losses for all hége states [26].
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Frequency (GHz)

Fig. 5.6. Measured output return losses for alphiise states [26].
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0.4 05 0.6 Q.7 0.8 0.9 1 1.1

PIN Diode Bias Current (mA)

Fig. 5.7. Measured minimum and maximum output-reftP3 of the phase shifter for
different phase delay and bias current for eachdidde [26].

Fig. 5.7 shows measured output-referred IP3 ofptiese shifter at various DC
bias currents for each turned-on PIN diode. Maximoput-referred and output-referred

IP3 are 37 dBm and 23.2 dBm, respectively, at 1biasing current for forward-biased
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PIN diode and 10 MHz tone spacing. At 1 mA diodasbig current, the entire phase
shifter draws 2 mA ~ 5 mA DC current from a 3.3 dwer supply, depending on the
phase state setting.

Table Ill summarizes and compares the performafiahi® phase shifter with
other recently published X and K-band silicon-bapbldse shifters in terms of various
aspects [26]. To the author’s best knowledge, 4kt phase shifter achieves the highest
linearity at Ku-band in standard SiGe BICMOS pragedue to the use of high
performance PIN diode switches and passive compenereach phase shifter bit. The
phase error performance can be improved with mocarate isolation models of the 25

unt PIN diode switch.

TABLE Ill. PHASE SHIFTER PERFORMANCECOMPARISON

[19] [20] [21] [24] This work
Bits 5 4 4 6 4
Freq (GHz) 8~12 11~ 12 6~18 7~11| 145~155
Insertion Gain
Loss (dB) <25 37 +0.5 0.2~21 11 12.2~14.2
Phase Error <?P3 18 2.7 ~106 N/A <18.6
) 3
[IP3 or Rgs -17.3 -5.4 (input 37
(dBm) N/A (IP3) Prag) (output (IIP3)
P1dg)
Power
Dissipation <1 53.5 8.7 45 11.6
(mW)
. ) . 0.14 . 0.6
D(Iri rTS12|)ze 4.5;; é\;v)lth 11 p(;v(;tsr;out (without 14{.)4(':1 é\;v)lth (without
pads) pads)
SiGe SiGe SiGe SiGe
Process | gicMos | BiCMOS CMOS BICMOS | BIiCMOS
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CHAPTER SIX

CONCLUSION

In today’s market, telecommunication satellite syt play a very large role. The
use of phased-array antennae in modern commumcsyistems created a high demand
for compact, high performance and highly integetmomponents for use in beam
forming applications. Due to a high number of tamger devices in each phased-array
system, individual performance of TX and RX chasres well as their sub-components
is of high importance for the overall performanéé¢he entire system.

This thesis have concentrated on the applicatidbrssrmvel octagonal SiGe PIN
diode, and how it can improve the linearity, ingertand isolation of different sub-
components in T/R modules that are used in s&edmmunication systems.

This work started with the overview of a novel griaal PIN diode designed and
fabricated by the members of ARMAG group. The Pliddé can works as a high
performing SPST switch, thus it can be used inoumriapplications that require low
insertion, high isolation and high linearity swittch devices. Until recently PIN diodes
were fabricated in GaAs and InP processes, antkftre, they could not be effectively
integrated in a cheaper silicon-based technolowptebd, MOSFET devices were used in
MMIC RF switches even though they suffer from plioearity, low isolation and higher
insertion loss. Custom designed SiGe BICMOS PINleliprovided for new possibilities
in designing high performance wide band switchiegices while maintaining the same
cost as with the use of MOSFET devices.

Several important components of T/R modules hawn h@esented. New high
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performance asymmetrical SPDT switch was optimfeethe performance of individual
TX and RX arms. Over the frequency range of 6 GblZL8 GHz, it maintains low
insertion loss of 0.95 to 1.15 dB for RX and arlason of 53.7 dB to 45.5 dB for TX in
order to minimise the signal leakage from TX chamm® RX channel. Due to its wide
band nature, this SPDT switch can be used in X-kardl Ku-band applications alike,
making it very attractive for low-cost satellitercmunication systems. The possible use
of PIN diode in passive attenuator topology hasnbdiscussed. The attenuator is
expected to show accurate attenuation steps angtamahigh linearity while keeping the
power consumption low.

The new 4-bit PIN diode based phase shifter haslsen presented in this thesis.
It uses a hybrid high-pass/low-pass filter and de@tT filter technology to steer the
signal through phase delay path to achieve a deshi#t. This phase shifter covers the
entire 360° spectrum and has a resolution of 2X\5file maintaining high linearity, the
phase shifter has a current consumption of onlyn®6from 3.3 V source. The use of
differential inductors in T-network topology resinh reduced chip area which is critical
for its incorporation into phased-array systems tise thousands of elements.

The presented SPDT switch, attenuator and pha$ierstan be integrated with
other sub-components of T/R modules and would pe¥or low-cost high-performing
RF communication systems.

The future research in this field may be conceettan the further improvements
in isolation and insertion loss of custom desigidN diode switch by studying the
effects of device geometry. With the developmentfabrication technology, PIN diode

should continue to provide for an easy integrationew low-voltage SoC applications.
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