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Abstract

Tremendous growth of RAdio Detecting And Ranging (RADAR) and communi-
cation electronics require low manufacturing cost, excellent performance, minimum
area and highly integrated solutions for transmitter/receiver (T/R) modules, which
are one of the most important blocks of RADAR systems. New circuit topologies
and process technologies are investigated to fulfill these requirements of next gener-
ation RADAR systems. With the recent improvements, Silicon-Germanium Bipolar
CMOS technology became a good candidate for recently used III-V technologies,
such as GaAs, InP, and GaN, to meet high speed and performance requirements of
present RADAR applications. As new process technologies are used, new solutions
and circuit architectures have to be provided while taking into account the advan-
tages and disadvantageous of used technologies.

In this thesis, a new T /R module system architecture is presented for single/on-
chip X-Band phased array RADAR applications. On-chip T/R module consists of
five blocks; T /R switch, single-pole double-throw (SPDT) switch, low noise amplifier
(LNA), power amplifier (PA), and phase shifter. As the main focus of this thesis,
a two-stage power amplifier is realized, discussed and measured. Designed in IHP’s
0.25 pm SiGe BiCMOS process technology, the power amplifier operates in Class-A
mode to achieve high linearity and presents a measured small-signal gain of 25 dB
at 10 GHz. While achieving an output power of 22 dBm, the power amplifier has
drain efficiency of 30 % in saturation. The total die area is 1 mm?, including RF
and DC pads. To our knowledge, these results are comparable to and/or better than
those reported in the literature.



RADAR Uygulamalar: i¢in X-Bandinda
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Ozet

Radyo Algilama ve Menzil Tayini (RADAR) sistemleri ve iletigim elektronigindeki
gelismeler diigiik maliyetli, yiiksek performansa sahip, kiiciik ve tek bir yonga tizerinde
gergeklenebilen Alici-Verici (T/R) modiillerinin tasarlanmasini gerektirmektedir. Gele-
cek nesil RADAR sistemlerinin bu gereksinimlerini kargilamak igin yeni topolojiler
ve teknolojiler aranmaktadir. Bu arayis icerisinde, son yillarda biiyiik gelisme kayd-
eden SiGe BiCMOS teknolojisi giiniimiizde kullanilan ITI-V teknolojileri olan GaAs,
InP ve GaN’in yerine RADAR uygulamari i¢in gereken yiiksek hiz ve performans
gereksinimlerini kargilayabilecek bir teknoloji adayidir. SiGe BiCMOS gibi yeni bir
teknolojinin RADAR uygulamalarinda kullanimi, kullanilan teknolojinin avantaj
ve dezavantajlarini goz oniine alarak yeni devre mimarisinin ve yeni sorunlarin ele
alinmasim gerektirmektedir.

Bu tezde, X-Bandinda galigan faz dizinli RADAR sistemleri i¢in yeni bir T/R
modiil mimarisi sunulmugtur. Bu T/R modiilii; T/R anahtar, tek-girig ¢ift-gikig
anahtari, diigiik giriiltii kuvvetlendiricsi, giic kuvvetlendiricisi ve faz kaydir1 blok-
lar1 yer almaktadir. Bashi gecen ilk ii¢ blogun yaninda, bu tezin odak noktasi
olan, iki-kath gii¢ kuvvetlendiricisi tasarlanmis, tartigilmig ve ol¢tilmiistiir. THP nin
0.25 pm SiGe BiCMOS teknolojisinde tasarlanan bu gii¢ kuvvetlendiricisi, yiiksek
dogrusalliga ulagabilmesi i¢in A siifi modunda caligtirilmakta ve 6l¢iim sonuglarina
fore 10 GHz’de 25 dB kazanca ulagmaktadir. 22 dBm gii¢ ¢ikigina sahip olan bu
gii¢ kuvvetlendiricisi % 30 drian verimi ile ¢ahgmaktadir. RF ve DC gkislar ile
beraber toplam kirmik alan1 1 mm?'dir. Elde edilen bu sonuclar literatiirdeki diger
caligmalarla karsilastirilabilir veya daha iyi bir durumda oldugu goriilmektedir.
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1 Introduction

1.1 A Brief History of Radar

RAdio Detecting And Ranging, more commonly known as RADAR, is an object-
detection system which uses electromagnetic-waves to determine the distance, di-
rection, speed, and more characteristics of both moving and stationary objects.
RADAR has its early roots in World War II. The first military application of radar
was employed by England as a defense against aircraft attacks by German bombers
approaching England to drop their payloads [1].

With the progress in all fields in electronics, the value and complexity of radar
systems progressed. Radar is now used for several commercial applications such
as weather monitoring [2], auto collision [3]|, and as well as many military uses.
Especially in military applications, radars using mechanically movable antennas have
been, and still are, employed to increase the viewable area of the system, but the
mass of the system limits the scanning rate which is limited to hundreds of scans
per minute. Another method of steering is used in phased array radars where phase
of the each individual aerial being controlled such that signal is reinforced in the
desired direction. Electrically steerable systems are capable of hundreds of scans
per second over wide viewing areas [4].

As time has progressed, so have the system architectures and the components.
The magnetrons in the early times given way to systems utilizing vacuum tube
based devices which have now been replaced by high performance solid state devices.
Future trends in phased array radar are pushing for smaller, cheaper and multi-beam
solid state systems with an ultimate goal of putting all radar blocks in a single

module [5].

1.2 Modern Day Phased Array Radars

Phased array radar is the choice for modern applications, especially for military
missile defense systems. Perhaps the most popular surface-to-air missile system
utilizing phased array radar is the Patriot system that was widely used in The Gulf
War in the early 1990s [6]. The system is modular and highly mobile in conjunction

with a missile launching platform [7]. The rapid scanning of the phased array



Figure 1: Alaska District’s 90-foot diameter phased array radar for missile warn-
ing and space surveillance.

radar improves the targeting capabilities of the system for single or multiple targets.
Another example is a United States Air Force Space Command radar system called
PAWS (Phased Array Warning System), as can be seen in Fig. 1 [§].

By the development of monolithic microwave integrated circuits (MMIC), the in-
tegration has reached the point where it can be possible to build a low cost phased
array radar module operating at 35 GHz costing $30/element [9]. This makes pos-
sible to put all blocks on a single chip with low cost. Furthermore, the advances
provided by Moore’s Law has made it feasible to do the operations such as phase
shifting and amplitude scaling for each antenna element digitally which is called dig-
ital beam forming (DBF) [10]. Besides it is now not futuristic to think about a new
road-map, More than Moore (MtM) by creating and integrating various digital and
non-digital functionalities such as Microelectromechanical systems (MEMS) and 3D

integration to semiconductor products [9].

1.3 Phased Array Principles

Multiple antenna phased arrays can be used to change the direction of the overall
antenna beam electronically [11]. By changing the phase of the exciting currents
in each element, the radiation pattern and the gain of the array can be scanned
through space.

A phased array receiver consists of several antennas and signal paths that com-
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Figure 2: A simplified n-element phased array receiver.

bines signal received by each antenna element in a controllable way. In addition,
a phased array transmitter works in the same manner where signal flow is in the
opposite direction. The antenna elements of a phased array system can be arranged
in different ways; one, two or even three dimensions depending on the application
[12].

As mentioned before the principle of operation of a phased array is similar for
both transmitter and receiver. Fig. 2 shows a simplified n-element phased-array
receiver. If the incoming signal is assumed to be s(t) for each element, in the desired
radiation angle, 6, and this signal is processed such that delay for each progressive

element is a multiple of 7, the combined signal is given by [13],

S(t):gs(t—kf—(n—l—k:)dsin9> (1)

It means that the signals received by all elements and processed for the desired
radiation angle formule add up coherently, where (d) is the spacing between elements

and (¢) is the velocity of the light. This coherent addition increases the gain of the



signal in the desired direction and decreases the reception of the array antenna in
other directions called Beam Nulls, as shown in Fig. 2. It can be seen from (1) that
in a N-element phased array transmitter, if the power radiated by each is element
is assumed to be P watt, and array elements are assumed to be isotropic (Ay=1)
and weighted by linear amplitudes, the antenna gain of the array will be N and the
Equivalent isotropically radiated power (EIRP!) in the main beam direction will be
Px N? watts. For example, if each transmitter in a four-element phased array system
radiates 20 dBm, the EIRP of the system is increased by 12 dB (2 * 10log10(4)) to
32 dBm, 6 dB by the antenna gain and 6 dB by the overall transmitted power. This
increase in the signal power will be even more if thousands of elements are combined
in a phased array system. It is worthwhile to mention that the same improvements
will be available for the receiver case.

In a phased array receiver, the radiated signals from the target arrive at different
time to each array element. With suitable phase adjustment and the spacing between
elements, the angle of incidence can be directed to the desired angle. This enhances
the received signal power in the incidence angle and degrades the received signal
from other directions. The advantage of using phased array receiver is not limited
to nulling out these interferences. A phased array also provides better sensitivity at

the receiver part of the system [15].

1.4 Phased Array Architectures

Advances in silicon technology for integrated systems have resulted in high speed
transistors operating beyond 200 GHz [16]. However, transistor speed is only one
of the parameters for high performance phased array systems for millimeter-wave
(mm-Wave) applications. Additional constraints imposed by the breakdown voltage,
losses of integrated circuit for passive components, low power budgets, as well as cost
and area of the modules have important impact on the overall system performance.
Therefore, there are different proposed architectures for silicon based phased array
systems and designer has to choose the architecture satisfies the requirements best

[17, 18, 19].

IEIPR is defined as the amount of power that would have been radiated by an isotropic antenna
to produce the peak power density observed in the direction of maximum antenna gain [14].
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In ideal case, broadband variable delays are required to make all signal paths
coherent for operating frequency range. Moreover, the gain of each delay stage
should be independent of the delay. If the time delay and gain are not constant
for different elements and also frequencies, this will result in inaccurate information
about the target. For this reason, different architectures implementing phase shift at
different stages of the phased array receiver is given in Fig. 3. The phase shift can be
implemented at RF (Radio Frequency)-stage (All-RF architecture) (Fig. 3(a)), at
IF (Intermediate Frequency)/Baseband-stage(Fig. 3(b)), at LO (Local Oscillator)
stage (Fig. 3(c)), or digitally (Fig. 3(d)). The selection of the architecture depends,
as always, on certain trade-offs in power consumption, cost and total area.

The All-RF architecture is the most compact and suitable architecture for silicon
based integrated phased array systems because it requires only one mixer and LO
signals at the IF-stage as shown in Fig. 3(a). On the other hand, IF and LO phase
shifting architectures require large number of mixers which occupies more chip area
and increases the power consumption. In addition, LO distribution is one of the
important problems for these architectures where the required LO phase noise for
phased array systems is very low (for example, -133 dBc/Hz at 1 MHz offset from
a 10 GHz carrier [20]). The requirement of such high performance LOs can only
be achieved by using external oscillators, and this usage increases the system area
consumption and cost.

Furthermore, IF and LO phase shifting architectures require phase shifters in
IF band. There have been some proposed on-chip phase shifters for low frequency
operations but their size and performance do not make them suitable for on-chip
phased array applications [21]. On the other hand, there is much more focus on
the study of phase shifters for All-RF architecture [22, 23]. Even though losses are
the biggest problem in RF phase shifters, variable gain amplifiers are utilized inside
phase shifter blocks to compensate losses and phase variations to avoid array pattern
degradation.

Another advantage of All-RF architecture over others is that the output signal
is formed after the RF combiner and thus any interference can be substantially
rejected before the following receiver units, as shown in Fig. 3(a). This will reduce

the linearity requirements of rest of the receiver blocks. This requirement applies
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even the digital beam forming (Fig. 3(d)) architecture where a high dynamic range
analog-to-digital (A/D) is essential to accommodate all incoming signals without
any distortion. Also, digital beam forming architecture requires both high-speed
and large number of A/D converters which will increase the chip area and power
consumption dramatically. However, digital signal processing is the only architecture

where large number of beams can be processed simultaneously.



1.5 RF Phase Shifting T/R Module

The performance of a phased array system mainly depends on the performance
of the transmit/receive (T/R) module utilized in this system. As discussed before,
due to the superiorities to others in power consumption, linearity, area and most
importantly cost, All-RF is selected as receiver architecture in this project. After
now on, system architectures for All-RF receiver will be discussed. A T/R module
includes a low noise amplifier (LNA), a power amplifier (PA), phase shifter, variable
gain amplifiers (VGA), attenuators, single-pole-double-throw (SPDT) switches, and
lastly T/R switch.

There are various system architectures that utilize phase shift in RF stage. In
this part, three main architectures will be discussed. Fig. 4(a) is a T/R module
block with two different transmitting and receiving paths. The usage of two phase
shifters, attenuators and variable gain amplifiers increase the complexity and area
of the system. These two paths can be combined in one using two SPDT switches
as shown in Fig. 4(b). However, this module requires a bidirectional phase shifter
and attenuator for signal flow in both directions which limits the number of sub-
block topologies can be used. Moreover, high gain LNA is required to compensate
the losses from phase shifter and SPDT switches and high isolation SPDT switches
are required to prevent possible oscillations for LNA-PA-SPDT switch circular loop.
To solve the bidirectional problem, Fig. 4(c) is introduced which solves the possible
oscillation problem, allowing to use variable gain amplifiers which will relax linearity
requirements for LNA.

The phase shifter is the most essential building blocks of a T/R module in All-RF
architecture. Because the gain, directivity and side-lobe levels of the antenna array
is determined by the spacing, amplitude weight and time delay of array elements,
phase shifter and VGA are critical elements in a T/R module. The phase shifter
can be either analog-type (continuous phase shift) or digital-type (step phase shift).
Even though analog-type phase shifters offer higher resolution for phase shift, control
circuitry of these type of phase shifter are more complex than digital ones and vul-
nerable to noise in the control line. Furthermore, digital-type phase shifters can be
controlled without any power consumption with simple metal-oxide-semiconductor

(MOS) switches in silicon technology.



The choice of a digital-type phase shifter starts with the selection of number of
bits. For this analysis, antenna array theory will be discussed shortly. As mentioned
before, in a receiver array with N elements spaced a distance d apart and a signal

with the incidence angle 6, the delay for the n'” element will be

i ndsin (0) 2)

c

therefore n'" element is required to add a phase shift of o, = (N — n) . As a result

the output signal of the n'" element before combining all will be

I, (t) =1(t —7,)cos (wrp(t — T) — ay) (3)

If the amplitude of the received signal is assumed to be same,

[()=1(t—71)=1(t—nr)=1L(t) (4)

and applying the approximation (3)

L, (t) = L,(t) cos(wrp(t — ) — @) = Re (L, (t)elnrte=ivm) (5)
where
P = w};FT -« (6)

It is well known that for a special case of equally spaced linear arrays with equal
amplitude, array factor (AF) is simply the summation of all received signals [24]
N-1

AF =1,) ™ = I(14 ¥ + ..+ NI (7)

n=0
with work on this equation, it simplifies to

AR = L g SNy 2) )

sm(6/2)

and the e/ D% term is not important unless this array antenna is combined with

e

another array antenna. Neglecting the phase factor and normalizing the AF with
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Figure 5: Four-element array pattern for different antenna spacing % < d<2A

the maximum of this value which is IyN gives the normalized array factor

_ sin(Nv/2)
f@) = Nsin(@)2) (9)

This is the normalized array factor for an N element, with uniformly excited, equally
spaced linear array.

As a result, gain, directivity and side lobe levels depend on the number of el-
ements, excitation and phase difference between each other. A larger distance be-
tween antenna elements results in less coupling and easier to fabricate but this
degrades the directivity and resolution of the system. Fig. 5 shows the normalized
array gain of a isotropic 4-element array for different antenna separation d. As shown
in Fig. 5, higher than % separation between elements leads to grating lobes in the

system. Also lower than % separation decreases the antenna directivity. Therefore,
A

5 is a good choice for the separation. Fig. 6 plots normalized antenna gain as a
function of the angle of incidence for isotropic four-element (N=4) broadside phased
array system with 22.5 degree (360 / 2%) phase resolution where d = % As shown
in Fig. 6, the incidence angle of a 4-element phased array antenna can have up to
60° incidence angle with isotropic antenna elements which limits the total scanning

angle of the system. The code implemented in MATLAB for Fig. 5 and Fig. 6 is
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Figure 6: Four-element array pattern with uniformly spaced values of 6.

given in Appendix A and Appendix B, respectively.

1.6 Downsizing of T/R Modules

There are several proposed measure of performance for phased array radars [25,
26]. Three main figure-of-merits (FOM) are the power-aperture product for search
(10), the power-aperture-gain product for track (11), and the power-aperture-gain-

squared for track accuracy (12) given in [27], respectively as

FOM, = PA (10)
FOM, = PAG (11)
FOM,_, = PAG? (12)

where P,,, is the total transmit power, A is total effective aperture, and G is the

gain of the phased array system. In an phased array system, these terms are not
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necessarily independent and each of them can be defined as follows

P=PFPN (13)

A=AN (14)
4T A,

G =GN = =N (15)

where P, ,A. and G, are the transmit power, effective aperture and gain of a single
element in a phased array system, respectively. Moreover, A and N are already
defined as the wavelength and the number of elements in this system. If (13), (14)
and (15) are substituted in (10), (11) and (12), FOMs can be rearrange as

FOM, = P,A.N? (16)
4
FOM, = P6A62N3)\—72T (17)
4 2
FOM,_, = P,A*N* (A_D (18)

It is clear that figure-of-merit equations depend on P.,A., N and A. Increasing the
transmit power of a single element, P,, improves each FOM value in linear scale.
However an increase in P, means more power will be dissipated in each array element
which will increase the heat and much more work will be required for cooling system.
On the other hand, increasing the effective aperture of a single element provides a
squared increase in the F'O M, and cubic increase in the FOM,_,. But any increase in
the effective aperture means the physical increase of the array antenna element and
as shown in Fig. 5 increase of element spacing, d, more than % leads to grating lobes
which will limit the performance of the system. As opposed to the prior changes,
increasing the number of elements, N, in a phased array system gives the advantage
of cubic improvement in the FFOM,;. For the modern phased array systems, there
has to be a limit for the increase of N because of the weight, power consumption

and cost factors which are not included in any of FOMs.

12



Table 1: An example design demonstrating available improvement in required

system power as a function of elemental power at a fixed value of
PAG = 100dB(Wm?).

P, Array Area | System Power | Number of Elements
(Watts) (m?) (kilo Watts)
100 5.8 468 4,680
10 12.6 100 10,000
0.5 34 20 40,000
0.01 126 26 2,600,000

As shown in Table 1 [28], overall system power requirements decrease drastically
with the increase of N while keeping PAG same for the system. However, the
transmit power of a single element cannot be decreased small values such as 0.01
W because of the required number of element of the system shoots up over 2.6
Millions, which is not realistic. Therefore, choosing an array element with 0.5 W to
2W output power with around 25,000 to 40,000 elements will save more than 90 %
of the system power with 5 times larger array area while increasing the total cost
of the system. If it is assumed that for military applications power saving is more
important than the cost, this trade-off seems to be feasible for phased arrays for
military applications.

The current technologies based on Gallium-Arsenide (GaAs) and Indium phos-
phide (InP) are quite capable of satisfying the needs of T/R modules used in phased
array systems especially for X-band applications. The integration of different chips
in addition to the digital control circuitry on the same board both lower the system
performance and increases the cost and area of a T/R module. However, a technol-
ogy which easily integrates digital circuitry and RF blocks with high frequency tran-
sistors on the same die with lower cost and smaller area such as Silicon-Germanium
(SiGe) based integrated circuits (ICs) can be a strong candidate to be considered to

perform full T/R system for phased array systems.

1.7 Selected Technology: SiGe

The ready availability, ease of handling and high quality dielectric fabrication
with vast investments in research and infrastructure lead Silicon to be the integrated

circuit of substrate choice for the last decade. In addition, the Moore’s type of
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lent: ++; Very Good: +; Good: 0; Fain: -; Poor: —).

Table 2: Relative performance comparison of different IC technologies (Excel-

Performance SiGe | Si Si [II-v II1-v
Matrix HBT | BJT | CMOS | MESFET | HEMT

Frequency response + 0 0 + +-+
1/f and phase noise ++ + - - - - -

Broadband noise + 0 0 + ++
Output conductance ++ + - - -
Transconductance/Area | ++ | ++ - - - - -
CMOS integration ++ | ++ | N/A - - - -
IC cost 0 0 ++ - -

scaling of transistors with supply voltage while maintaining high yield gave rise to
mass-produced high transistor-count technology that is a cost-effective solution for
integrated circuits with acceptable performance [29, 30]. Unfortunately, the small
band-gap of Silicon limits the frequency performance of transistors in this technology
that makes Silicon a poor competitor for mm-Wave solutions. On the other hand,
compared to Silicon, III-V technologies like GaAs, InP and GaN can provide devices
with higher performance, especially for mm-Wave circuits, but these technologies are
not preferred for cost-sensitive consumer applications, instead used only where high
performance is required like military applications.

There have been lots of research going on to improve the frequency performance
of Silicon and this has driven band-gap engineering research for this substrate. The
most effective solution introduced by Kroemer was the addition of Germanium to
the base of a Silicon transistor [31]. Germanium addition allows inherent Silicon
band-gap to be tuned which, in return, greatly increases the operating frequency
of the transistor. Moreover, Ge composition is graded across the base region which
generates and electric field and accelerates minority carriers and again improves the
frequency performance. At the end, with an additional step to a typical Silicon fab-
rication process, the SiGe BiCMOS technology provides high frequency performance
with minimal cost, as compared to other technologies in Table 2 [32].

Improvements on Silicon technology gave rise to a high performance SiGe tech-
nology that can compete with other III-V technologies. The main advantage of
SiGe is the level of integration with conventional Silicon CMOS technology which

supports the main building blocks of digital circuits. In conventional T /R modules

14



where digital control circuits are required, additional CMOS chips are utilized in
addition to chips fabricated with III-V technologies. This increases the design com-
plexity and degrades the performance of the module. Easy compatibility of CMOS
blocks into SiGe BiCMOS overcomes this disadvantage of III-V technologies with
comparable high frequency performance. Moreover, SiGe BiCMOS technologies take
all the advantages of Silicon based IC manufacturing, such as yield, low cost and
easy availability. All of these make SiGe BiCMOS technology a strong competitor to
ITI-V technologies. There are several commercially available SiGe processes offered
by the leading semiconductor companies like IBM, Hitachi, IHP Microelectronics,
Infineon, Philips, TSMC etc.

From the perspective of RF systems, SiGe technology has advanced exponen-
tially over the years, with the peak f; and f,,.. in the excess of 250 GHz and 350
GHz, respectively [33]. For example, there is a project called DOTFIVE involving
15 partners from different FEuropean countries which has set its goal to fabricate
SiGe HBT transistor with the f,,.. of 0.5 THz until 2013 at room temperature, a
performance usually thought only possible with III-V technologies [34]. This means
in following years, higher performances will be available using SiGe technology. Un-
fortunately, the same scaling that improve the operating frequency of transistors also
leads to lower the operating voltage means lower breakdown voltages [30]. This phe-
nomenon is very critical especially on the transmitter side of T/R modules where
high output power as are required. Moreover, integration of passive components
into Silicon substrate also presents problems due to interconnect losses and lossy
substrate. While substrates like GaAs and InP are insulating (107-10° Q-cm), the
silicon bulk used in Silicon technologies and so SiGe technology has a conductivity
from 5 mS-cm to 10 Q2-cm. In the case of inductors, conducting substrate generates
eddy currents in the substrate contributing losses which lower the quality factor of
inductors. Even though there have been several solutions to prevent eddy currents
in silicon substrate by patterned ground shields [35], the shielding under the induc-
tor increases the parasitic capacitance of the inductor leasing to lower self-resonant

frequency.
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Table 3: IEEE frequency bands

Frequency Range \ Wavelength \ IEEE Band ‘
300 kHz - 3 MHz 1 km to 100 meters MF
3 - 30 MHz 100 meters to 10 meters HF
30 - 300 MHz 10 meters to 1 meter VHF
300 MHz - 3 GHz 1 meter to 10 cm UHF
1-2 GHz 30 cm to 15 cm L-Band
2 -4 GHz 15 cm to 5 cm S-Band
4 - 8 GHz 5 cm to 3.75 cm C-Band
8 - 12 GHz 3.75 cm to 2.5 cm X-Band
12 - 18 GHz 2.5 cm to 1.6 cm K,-Band
18 - 26 GHz 1.6 cm to 1.2 cm K-Band
26 - 40 GHz 1.2 cm to 750 mm K,-Band
40 - 75 GHz 750 mm to 40 mm V-Band
75 - 111 GHz 40 mm to 28 mm W-Band
Above 111 GHz | millimeter wave (mm-Wave)

1.8 Motivation

As a result, the objective of this thesis is to propose a solution for phased ar-
ray T/R module that can replace II1I-V components with low cost, high yield SiGe
BiCMOS technology while reducing the component count in the module. There
are several applications for on-chip phased array T /R modules like mobile satellite
systems for high data-rate communications at X-Band, weather radars at X-Band,
automotive radars at K- and W-Bands, biological applications for on-skin scanning
at W and 122-GHz ISM-Band and most importantly military defense systems such
as radars at L, S, C, X, and K-Bands [36] where IEEE frequency bands are given
in Table 3. Low frequency bands like L, S, and C-Bands make on-chip radar de-
signs unpractical because of larger area requirements, especially because of passive
components like inductors. However, there are several publications utilizing SiGe
BiCMOS technology for T/R modules at X and K-Bands [37, 38].

As mentioned before, the low breakdown voltages and low-Q factor passive com-
ponents are most significant obstacles toward achieving high power on SiGe technol-
ogy. Utilizing such lossy components in the matching networks in transmitter-end
will degrade maximum achievable output power and efficiency. In the receiver end,
lossy components and transistors with low operating frequency will increase the to-
tal noise figure leading to lower receiver sensitivity. An attempt to integrate phased

arrays into SiGe technology by replicating the topologies used in III-V technologies
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Figure 7: System block diagram of the proposed X-Band phased array T/R
Module.

would be difficult due to unique challenges posed by this technology. Therefore, new
solutions and new topologies have to be provided to overcome these problems specific
to Silicon substrate and SiGe technology. Of all of the T/R module blocks, power
amplifier present the greatest challenge due to high output power requirements of
the system. As a result, this thesis aims to present techniques for improving break-
down voltages of SiGe power amplifiers and achieving more than 20 dBm output
power with high gain for X-Band radar applications.

Fig. 7 shows the system block diagram of the proposed X-Band SiGe BiCMOS
phased array T/R module with the performance specification of each block. In this
T/R module all blocks, PA, LNA, T /R switch, SPDT and Phase Shifter are designed
using THP 0.25um (SG25H3) SiGe BiCMOS technology.
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1.9 Organization

Chapter 2 presents the proposed phased array T /R module with blocks designed
in the project. The requirements and challenges of these designed blocks, T/R
switch, SPDT switch and LNA will be briefly discussed. At the end of this chapter,
simulation and measurement results of each block will be presented.

Chapter 3 introduces power amplifier fundamentals and specific approaches for
achieving high output power such as cascode amplifier structure. It will be shown
that employing different speed and different breakdown voltage transistors in cascode
amplifier structure, the system requirement can be achieved.

Chapter 4 is an implementation of these techniques discussed in the previous
chapter to achieve a two-stage cascode power amplifier. According to measurement
results, the PA achieves more than 23 dB of gain with more than 25 % power-
added-efficiency (PAE). Large signal measuremnt results show that the PA has a
linear output power up to 22.2 dBm and a saturated output power of 23.2 dBm at
9 GHz. The resulting die size including RF and DC pads is 1 mm?.

Chapter 5 includes an X-Band three-element phased array antenna with ana-
log phase shifters designed as a course project in EE556 — Antennas & Propaga-
tion. As a proof of concept, implemented in Rogers substrate, Hittite Microwave
HMCO931LP4E phase shifters are arranged in circular array for direction finding at
X-Band. Designed methodology, challenges and measurement results also will be
presented in this chapter.

Chapter 6 concludes the thesis with a discussion on problems and possible future

study.
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2 The Proposed T/R Module

2.1 T/R Module

The initial development of the T/R module for phased array applications was
introduced in Chapter 1. As mentioned in the previous chapter, blocks of the T/R
module will be designed separately in order to understand the limitations of the de-
sign and technology. After testing each block separately, all blocks will be integrated
on the same die, which we called as fully integrated T/R module. It is important
to mention that dedicated effort will be required in the integration process due to
several parameters like, die area, grounding, heat, noise and isolation. Therefore, we
will focus on five of these blocks while attaching more importance to power amplifier.

In this chapter, four of T/R blocks are shortly introduced and measurement
results of these blocks are provided. First of all, let’s discuss the functionalities of
these blocks while explaining the requirements of each block.

The connections and some important requirements of these blocks are given in
Fig. 8. In the proposed architecture, there is one T/R switch which routes either
receiver or transmitter stage to the antenna and two identical SPDT switches again
for the same purpose as T/R switch. Moreover, low noise amplifier is the first block
in the receiver path and power amplifier is the last block in the transmitter path.
Finally, phase shifter, which is the main block for phased array systems, is used for
both the receiver and transmitter path.

The specifications of the T /R switch are determined considering both in receiver
and transmitter mode. In the receiver mode, losses of initial blocks, which are the
T/R switch and low noise amplifier in the proposed architecture, degrade the noise
performance of the T/R module. Therefore, insertion loss of the T/R switch is re-
quired to be as low as possible to minimize the noise performance. On the other
hand, leakage signal from power amplifier to low noise amplifier in the transmit
mode, also, has to be as small as possible to prevent oscillation and wrong infor-
mation. To do so, the isolation performance of the T /R switch is needed to be as
high as possible. For this reason, a few techniques are used to improve the isolation
performance. Finally, high power performance is an essential criterion to handle

high power signal from the power amplifier, which is higher than 20 dBm. For every
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block, input and output ports are required to be matched to 50 €2. This criterion
is only required to able to measure every block individually and, in the integration
step, blocks can be matched to each other directly.

Secondly, the specifications for the SPDT switch are also same as the T/R switch
where insertion loss is the most important parameter. However, the isolation and
power handling performance of this block is not very important because the SPDT
switches are located in the input and output stages of the phase shifter. Therefore,
techniques used in this switch are mostly focused on to minimize the die area.

Thirdly, low noise amplifier is one of the essential blocks in the system which
determines the noise performance. Therefore, noise figure is the most important
parameter and most of the effort spent to minimize it. In addition, gain of the
low noise amplifier also improves the noise performance of the overall system while
minimizing the contributions of following blocks such as SPDT switches and phase
shifter. As a result, a two-stage, high-gain low noise amplifier is designed. Finally,

linearity of this block is not very critical because it is assumed that very low signals
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Figure 8: Blocks of the X-Band phased array T/R module.
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Figure 9: Four-element phased array T/R module with antenna elements.

will be received by the antenna array.

Another block in the T/R module is the phase shifter which is very important
for the scanning phenomena of the phased array system. The sensitivity of this
block also determines side-lobe, grating-lobe and main-lobe levels as well as scanning
angle of the array. In other words, step-size of the phase shifter has to be minimized
to get highest sensitivity and side-lobe levels. However, there is a practical limit
for the step-size which is determined by number of bits in the digitally-controlled
phase shifters and non-digitally in the analog phase shifters. In both of these phase
shifters, noise-level and mismatches limit the step-size or sensitivity of this block. In
the proposed architecture, a 4-bits digitally-controlled phase shifter is planned to be
used, as shown in Chapter 1, and the array simulations are performed in this way.
In addition to the phase, the amplitude of the processed signal is also determined
by the phase shifter. As discussed in Chapter 1, the amplitude of each element can
be changed to lower side-lobe levels, improve directivity and compensate the losses
of blocks in the T/R module.

The final block in the T/R module is the power amplifier, which is the main
focus of this thesis. The output power of this block is mainly determined by the
used technology and cannot be increased to several Watts. Therefore, the main goal
of this block is to get as much as output power as possible by a 50 €2 load. Therefore,
a two-stage, high-gain power amplifier is designed and details of this block will be
discussed deeply in the following chapters.

Although it is not in the scope of this thesis, a full demonstration of the T/R
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module is required to understand the real-life performance. For this purpose, a X-
Band antennas are required to measure the signal levels and scanning performance.
As shown in Fig. 9, the T/R module will be mounted on a printed circuit board
including power dividers and antennas for testing. The input power with the same
input amplitude an phase is applied to each T/R module. The phase and amplitude
of each T/R module is controlled by phase shifters in the module. To complete the
system shown in Fig. 9, first a full T/R module has to be designed and measured.
However, before this level, a simple 10 GHz microstrip patch antenna is designed

and measured for direction fidning, as detailed in Chapter 5.

2.2 Designed Blocks

In this chapter, designed three blocks of the architecture are presented. First, the
T /R switch design steps, simulation and measurements are provided. In Section 4.2,
SPDT switch details and results are discussed. LNA design and simulation results

are given in Section 4.3 and lastly, future work of the T/R module is presented.

2.2.1 Block 1 - Transmit/Receive (T/R) Switch

One of the circuit blocks essential to the envisioned X-Band T/R module is the
transmit /receive or so called T/R switch. As shown in Fig. 10, T/R switch routes
antenna either receiver (RX) or transmitter (TX) having a common port connected
to antenna. The system specifications require T /R switch to operate from 8 GHz
to 12 GHz, having a return loss better than 10 dB for each port, an insertion loss
(IL) lower than 3 dB to minimize noise performance of the system, isolation higher
than 35 dB to prevent signal leakage to the receiver route in the TX mode, 1 dB
output compression point better than 20 dBm to handle signals with high power

and minimum power dissipation.

2.2.1.1 Design

Fig. 10 shows the circuit schematic of the designed T/R switch. This switch
mainly depends on series-shunt topology in [39]. M1 and M2 transistors perform
the main switching function of directing the signal between TX/ANT and RX/ANT

ports. M3 and M4 transistors are used to improve the isolation between TX and RX
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Figure 10: Circuit schematic of the T/R switch.

port while grounding the leakage signal. When V,,; is high, M1 and M3 transistors
operate in deep triode region (ON state) meanwhile M2 and M4 transistors operate
in the cuts off region (OFF state). Because channel resistance of M1 is very low,
it creates a low impedance path between TX and ANT ports for incoming signal.
Since M2 operates in the OFF state, the channel resistance is very high and RX
port is isolated from TX and ANT ports. Moreover, M3 transistor has also a low
resistance channel and grounds any leakage signal from M2 transistor which improves
the isolation. Finally, M4 transistor operates in the cut off region and does not have
any effect on the incoming signal from TX port but has the same functionality as
M3 in the RX mode.

One of the figure-of-merits for T /R switch is the insertion loss which determines

the noise performance of the system thus optimizations are performed to minimize
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Figure 11: Die photo of the designed T/R switch.
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Figure 12: Measured insertion loss and isolation of the T /R switch.

IL. Because a MOS transistor can be modeled as a resistor, R,, in the ON state,
the channel resistance has to be minimized to decrease the insertion loss of the
switch. As known, the resistance of a MOS transistor operating in the triode region
is inversely proportional to mobility (u), aspect ratio (W/L) and gate to channel
voltage (Vgg). Because p, minimum length, L, and Vg are limited by the used
technology, maximum available width, W, has to be chosen to minimize the IL.
However, there is a practical limit in increasing transistor width since as the width
is increased, source/drain to body parasitic capacitances and in return coupling to
substrate becomes significant and consequently insertion loss increases [40]. Increase
in the parasitic capacitance also increases the OFF state capacitances of the tran-
sistor which leads to more coupling to undesired port. Therefore, there is a trade-off
between R, and parasitic capacitances which results in optimum value for width of
the transistor that is 600 pm.

In addition to transistor widths, some other techniques such as body-floating,
impedance transformation network, parallel resonance and source/drain biasing are

used to improve the power handling, isolation and insertion loss of the T/R switch
[41].
2.2.1.2 Measurement Results

As was the case for the PA, the T /R switch was also fabricated in THP, 0.25 ym
SiGe BiCMOS process technology. The die photo of the designed switch is given in
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Fig. 11. The chip, including pads, occupies 0.44 mm? chip area. Inductors in the
chip are custom designed using SONNET. Measurements are performed under 2 V
Viias voltage, 4.5 V and 0 V control voltages. Insertion loss and isolation between
TX and RX ports are shown in Fig. 12. The insertion loss is between 3.2 dB and
4.1 dB at X-Band. In addition, isolation between TX and RX ports is also between
23.2 dB and 42.5 dB at X-Band. The return loss at TX port, Si; is 18 dB at 10
GHz and ranges from 16 dB to 19 dB at X-Band, as shown in Fig. 13. Due to the
symmetry of the switch, RX performance is the same as the TX performance. As
shown in Fig. 14, the switch results in an input 1 dB compression point (Py4p)e of
28.2 dBm at 10 GHz.

As a result, the designed switch meets all requirements of the system except the
insertion loss which is higher than 3 dB. Although a new T/R switch is designed,
the same insertion loss performance is measured. According to the analysis done
after measurements, large width values of switching transistors M1 and M2, shown
in Fig. 9, results in the degradation of the insertion loss. We deduced that after the
measurements of the SPDT switch which is presented in the next section. In any
way, the designed T /R switch is good enough and will be used in the full-system
design.

Table 6, at the end of this chapter, compares the performance of the designed

-5 v T v L * L] v L]

A
=)
A

-15 <

Return Loss (dB)
)
o

N
o
[

5 6 7 8 9 10 11 12 13 14 15

Frequency ( GHz)

Figure 13: Measured input and output return losses of the T/R switch.
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Figure 14: Measured 1 dB compression point (Py4p) of the switch at 10 GHz.
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Figure 15: Circuit schematic of the SPDT switch.

switch with that of the single-ended CMOS T/R switches, operating at X-Band
[42, 43, 38]. According to this comparison, this work achieves the highest power
handling capability among the CMOS X-Band switches to up to the date, to the

best of our knowledge.

2.2.2 Block 2 - Single-pole Double-throw (SPDT) Switch

The second block in the proposed X-Band phased array T/R module, as shown
in Fig. 8, is the single-pole double-throw (SPDT) switch. There are two identical
SPDT switches in the overall system with similar functionality. The main function
of the first SPDT switch is to direct the incoming signal from LNA or transmitter
port to Phase Shifter (PS). The functionality of the second SPDT switch is opposite
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of the first one. Because of the simpler functionality and requirements than T/R
switch which is required to have high isolation and power handling capability, the
SPDT switch design is not complicated as T/R switch. Therefore, we will discuss

the design details in short.

2.2.2.1 Design

Fig. 15 shows the circuit schematic of the designed SPDT switch. Similar
to T/R switch, SPDT switch also depends on series-shunt topology consisting of
four transistors. Again M1 and M2 perform the main switching activity while M3
and M4 improve the isolation performance. Similar to T/R switch on-chip input
and output matching networks, mainly inductors L, are custom designed. In this
design, iNMOS transistors are used for body-floating technique to improve the power
handling performance. Moreover, gates of all transistors are biased though large gate
resistors R to make the gates of transistors float at AC signals and prevent signal
coupling. Without these resistors, variations would occur for gate to channel voltage
Vs and insertion loss would vary with different RF signal levels. On the other hand,
these gate resistors with combination of gate capacitors affect the switching time that
is defined as the time required for switch to change from receive mode to transmit
mode or vice versa. However, insertion loss requirement outweigh switching time

requirement since the switching time is not usually a limit.

0.7 mm

0.52 mm

Figure 16: The layout and die photo of the SPDT switch.
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Figure 17: Measured insertion loss and isolation of the SPDT switch.

2.2.2.2 Measurement Results

As a result, a simple CMOS SPDT switch is designed for moderate performance
requirements. The layout and die photo of the designed SPDT chip is shown in Fig.
16. Including DC and RF pads, the switch occupies 0.36 mm? (0.7 mm x 0.52 mm)
chip area.

According to measurement results, the SPDT switch presents an insertion loss
between 1.8 and 2.25 dB for the X-Band and lower than 3.2 dB for 0-20 GHz, as
shown in Fig. 17. Moreover, the switch achieves isolation better than 23 dB for
the X-Band and better than 20 dB up to 20 GHz. This means that the designed
switch can be used for a wide range up to 20 GHz with an acceptable insertion
loss and isolation performances. As it is mentioned before, lower insertion loss than
T/R switch is achieved for the SPDT switch. This can be resulted from the smaller
aspect ratio (W/L) transistors utilized in this design. Therefore, the requirements
for the insertion loss can be achieved by utilizing smaller aspect ratio for T/R switch.
Lastly, input and output return loss measurements which are better than 10 dB from

DC to 20 GHz are shown in Fig. 18.

2.2.3 Block 3 - Low Noise Amplifier (LNA)

The third block designed for the proposed X-Band phased array T/R module,

as shown in Fig. 8, is low noise amplifier (LNA). LNA is one of the most important
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Figure 18: Measured input and output return losses (S11 and S22) of the SPDT
switch.

blocks for a transceiver system because LNA mainly determines the performance
parameters related to noise figure (NF) of the system. Therefore, the main aim of
a LNA design is to minimize the noise figure of the block while having as much as

gain possible. This statement is formulated as

NF, -1 NF, —1

NFptq =14 (NFy — 1) + ot
total (NF1=1) Ay Apt o Apim1)

(19)

which is called the Friis equation [44]. Expressing the overall noise figure in terms
of noise figure of each block, this relationship proves the importance of noise figure
and gain of initial blocks in the system.

According to the system requirements, LNA is designed to have more than 20
dB gain, less than 2 dB noise figure, power consumption of lower than 30 mW and

lastly 1TP3 higher than -20 dBm for high dynamic range applications.

2.2.3.1 Design

To meet the gain requirement, a two-stage LNA is designed with cascode topol-
ogy. Although cascode topology posses slightly increase NF compared to common
emitter topology and results in reduced output voltage swing, frequency stability at
higher gains and higher isolation by avoiding Miller capacitance of Q1 transistor are

biggest advantages of this topology. Because of these reasons, cascode topology is
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Figure 19: Circuit schematic of the designed LNA.

chosen. Moreover, two-stage amplifier is implemented to achieve gain more than 20
dB. The schematic of the designed LNA is given in Fig. 19.

First stage of the amplifier is biased for minimum noise figure whereas the second
stage is biased for high dynamic range and ITP3. The inductors L., and L, performs
both well-known simultaneous input noise-power match and power match to 50 €.
As it has been in PA design, fastest (with maximum cut-off frequency) transistors
of the used technology are selected to minimize NF of the amplifier. On the other
hand, second state of the amplifier is biased for maximum output power and, hence,

NodrEs) T T NodFEE)]

i
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Figure 20: Die photo of the designed LNA.
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Figure 21: Measured NF and S21 performance of the designed LNA.

higher dynamic range.

In both stages, special biased circuit for temperature compensation and constant
current generation is used in both of the stages, as shown in Fig. 19. Resistors, Rp;us1
and Rp;.s2, are used to determine the bias current and to make the output impedance
of the bias circuitry in order to reduce the noise contribution. Moreover, capacitors,
Chias1 and Chqs, are used to filter out any noise generated by the bias network and
prevent noise from affecting the noise performance of the amplifier. Transistors, Qg
and (g, increase the accuracy of the current mirror.

Lastly, a special importance is paid to lower noise contribution from substrate in
the layout step. Moreover, top metal of the chip is used as a ground layer to achieve

perfect grounding for the single-ended LNA.

2.2.3.2 Measurement Results

The die photo of the designed LNA is given in Fig. 20. The ground reference
technique is also used in this design. The measured noise figure performance of the
LNA is shown in Fig. 21. It is clear that LNA has lower than 2.1 dB NF between
8 GHz and 12 GHz, while it reaches minimum noise figure value of 1.52 dB at the
center of the band. As shown in Fig. 22, input and output of the LNA are matched
to 50 Q and lower than -10 dB in the overall band. The small-signal gain of the
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Figure 22: Measured S11 and S22 of the designed LNA.

amplifier is flat enough at X-Band and changes from 21 dB to 22 dB.

2.3 Future Work - Phase Shifter and Integration of Blocks

After presenting most of the blocks X-Band T /R module, we left with the last
block; Phase Shifter (PS). During the process of writing this thesis, we were still
continuing to search for optimum topology for this block. There are two main
groups; passive and active. Because passive phase shifters have high insertion loss
and consume large chip areas due to the usage of passive circuit components like
capacitor and inductor, active phase shifter topologies are selected [45]. From two
main topologies in the active phase shifter group, high-pass/ low-pass (HP/LP) with
variable gain amplifiers (VGA) topology is chosen rather than vector modulators
with VGAs to implement this block because of the simplicity.

After design and measurements of all blocks are completed, these blocks will
be integrated in a single chip as a full T/R module shown in Fig. 8. This pro-
cess is assumed to be more complicated and difficult because designer has to deal
with problems like connections, noise and heat. Therefore plenty of time has to be

dedicated to solve these problems.
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3 Power Amplifier Fundamentals

3.1 Power Amplifier

The theory and operation principles of phased array radar modules are intro-
duced in the previous chapter. As the main focus of this thesis, first of all, power
amplifier fundementals will be presented and discussed in brief in this chapter.

The real world is “analog” in nature. Power amplifiers, also known as PAs,
are used to amplify signals without degrading signal integrity, so that information
can be received and recovered by the recipient. Power amplifiers typically trade
off linearity and efficiency, and PAs can be categorized in to several classes from
Class A to Class S according to this trade-off. Since most of these subjects in this
chapter have been covered and analyzed comprehensively in many textbooks, what
is presented in this chapter will be just a very brief overview. Readers interested in
these subjects are encouraged to have a dip into other literature, such as [46, 47],
to probe further.

A typical power amplifier design consists of several blocks; input matching net-
work (IMN) and output matching network (OMN) to match 50 © for the system
requirements imn most cases, biasing network (BN). There are other networks (ON)
such as feedback network for bandwidth and stability requirements. The block dia-

gram of a power amplifier is shown in Fig. 23.

ON

~ IMN — Transistor OMN -

BN

Figure 23: Block diagram of an amplifier.
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3.2 Power Amplifier Classes

According to requirements, different types of classes have evolved over the years.
Generally speaking, power amplifiers are divided into two types; transconductance
and switching-mode amplifiers. Transconductance amplifiers include Class-A, Class-
AB, Class-B and Class-C and switching-mode amplifiers include Class-D, Class-E
and Class-F amplifiers. Amplifiers in each of these types focus on different subset of
design criteria. Therefore each class has advantage of a certain criteria over others
and vice versa. The classic trade-off between the transconductance and switching-
mode amplifiers are linearity and efficiency. While Class-A amplifiers has the high-
est linear response, they can achieve at most 50 % efficiency. On the other hand,
switching-mode amplifiers can have an ideal efficiency of 100 %, but they are strongly
nonlinear amplifiers. Others classes like Class-AB, Class-B and Class C are com-

promises in between as shown in Fig. 24.

«m Efficiency
Transconductance Amplifiers Switching Amplifiers
Class D/D
Class A Class AB Class B Class C Class E_1
Class F/F
Class E/F

Figure 24: The linearity-efficiency trade-off between different classes of ampli-
fiers.

First, transconductance amplifiers will be discussed and to do so, a single am-
plifier model shown in Fig. 25 may be enough to understand working principle of
four classes, Class-A, AB, B and C. In this general model, the resistor R;, represents
the load into which out power will be delivered. A “big, fat” inductor, BFL, feeds
DC power to the transistor and is large enough so that the current through it is
substantially constant. The drain of the transistor is connected to the load and tank
circuit through capacitor BFC' to prevent DC current flow to the load. Moreover,
filtering is provided with the tank circuit, L and C, to cut down out-of-band signals
due to the nonlinearities of the transistor. This is important because we are not

dealing with only small-signal operation and distortion is expected by the amplifier.
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Figure 25: General power amplifier model.

To simplify the analysis, the quality factor of the tank is considered high enough
that voltage across the tank can be approximated by a sinusoid. Although wideband
power amplifiers are also of interest, the discussion will be limited to a narrowband
operation case.

The typical classes of power amplifier according to the gate biasing are shown in

Fig. 26. The most common amplifier classes are briefly discussed as follows.

Imax ———————————————————

Class A

Imax

Vth VGS

Figure 26: Amplifier classes according to the gate biasing.
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3.2.1 Class-A

Class-A amplifier is a standard, textbook small-signal amplifier. These amplifiers
have a conduction angle of 6o = 27 whereas Class-AB amplifiers have a conduction
angle of T < 0o < 2m, Class-B amplifiers have a conduction angle of 7, and Class-
C amplifiers have a conduction angle of 0 < 6- < w. Because Class-A amplifiers
conduct during a full period, the drain voltage and current are therefore offset
sinusoids with a 180°. Fig. 27 shows the voltage and current waveforms of a Class-

A amplifier.

Voltage

0 0.5 1 15
Time

Figure 27: Voltage and current waveforms of Class-A amplifier.

As shown in Fig. 27, Class-A amplifiers are the most linear amplifiers at all.
However their ideal maximum efficiency is 50 % and this is the biggest drawback of
this class. Furthermore, efficiencies of 30-35 % are not at all unusual for practical
applications for this class amplifiers. To understand the efficiency in brief, let us
take 33 % drain efficiency as an example. If the output power of a Class-A amplifier
is 100 W, and the total power consumption is 300 W, this means that 200 W power
is dissipated by this amplifier. It is important that these numbers are unusual for

the heating-handling capability of a common-source transistor package.

3.2.2 Class-B

One can improve the efficiency of an amplifier by reducing the power dissipation.
A clue to how one can achieve this is actually implicit in the waveforms in Fig. 27.
If voltage or current is set to zero for a fraction of a full period, amplifier will not

dissipate any power. It should be clear that this can be achieved by changing the
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Figure 28: Voltage and current waveforms of Class-B amplifier.

bias of the amplifier as shown in Fig. 26.

The bias of Class-B amplifier is arranged to shut off the amplifier half of every
cycle as shown in as shown in Fig. 28. Obviously, this will lead to nonlinearity in
the output signal and a high Q resonator is absolutely will be mandatory in order
to obtain an acceptable sinusoid output voltage. The ideal maximum efficiency of
Class-B amplifiers is 78.5 %, which is significantly higher than Class-A amplifiers.
If we take the previous example into account, to achieve a practical efficiency of 65
% while having the same output power of 100 W, Class-B amplifier only dissipates
about 53.8 W of power. This is a great reduction from 200 W with a significant

linearity cost.

3.2.3 Class-AB

It is shown that Class-A amplifiers conduct 100 % of every cycle and Class-B
amplifiers 50 % of a time. As its name suggests, Class-AB is a transition between
these two classes which mean the conduction angle is between 50 and 78.5 %. The
voltage and current waveforms of this class amplifier for a full period is given in Fig.
29. The biasing scheme of this class amplifies is also shown in Fig. 26. This shows
that Class-AB amplifiers offer a flexible solution for a trade-off between linear and
efficiency of the previous cases. This compromise is frequently satisfactory for many

PA designers as one can infer from the popularity of Class-AB amplifiers.
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Figure 29: Voltage and current waveforms of Class-AB amplifier.

3.2.4 Class-C

In a Class-C amplifier, the gate voltage is biased such that amplifier conducts
only a small fraction of a full period as shown in Fig. 30. Because Class-C amplifiers
dissipate less power than previous classes, efficiency of this class amplifier can reach
an efficiency of 90 %. However, there are some problems of this class amplifier espe-
cially for high frequency applications. One of the drawbacks of Class-C amplifiers
is the power gain which comes at the expense of high efficiency. As the efficiency
approaches to 100 %, the output power and so the power gain goes to zero. This
is not an acceptable approach for high frequency applications where power gain is
very critical. The second drawback is the high nonlinearity of Class-C amplifiers. It
requires very high ) resonators at the output stage which is also not very practical

for high frequency on-chip applications. However, Class-C amplifiers can be used in

Voltage

Time

Figure 30: Voltage and current waveforms of Class-C amplifier.
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Figure 31: Voltage and current waveforms of a switching-mode amplifier.

such applications where a high degree of nonlinearity is tolerable.

3.2.5 Class-D

The classes presented so far uses active devices as transconductance amplifiers,
therefore their efficiency was limited. Another approach is to use active devices as
switches in several classes which are called switching-mode amplifiers. Switching-
mode amplifiers utilize the active device either completely turned on or completely
turned off as shown in Fig. 31. This means that there are two modes for this
operation; amplifier is conducting (switched on) and there is no voltage across the
transistor or amplifier is not conducting (switched off) and there is no current flowing
through it. As a result, there is ideally no power consumption and all consumed
power directly transferred to the output which results in 100 % of efficiency. Class-D
amplifier is one example such operation. In a Class-D amplifier, voltage waveform is
in a square shape whereas current is again sinusoid shape. Mostly Class-D amplifiers
use two or more transistors as switches to generate square-shape drain current or

voltage waveform.

3.2.6 Class-E

As we have seen before, switching-mode amplifiers like Class-D can provide very
high efficiencies, but it is not always trivial to realize in practice due to imperfections
in real switches. To achieve high efficiencies switching has to be quite fast relative

to the speed of operation. This requirement may not be satisfies at high carrier
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Figure 32: Voltage and current waveforms of Class-E amplifier.

frequencies and especially for on-chip applications.

If there is a way to realize zero switch voltage within a nonzero time interval of
a full period, this will again decrease the power dissipation. The Class-E amplifier
realizes this requirement with a high-order reactive network that provides enough
freedom for zero voltage and zero current during a cycle. This method is called
“soft-switching” where the voltage waveform is reduced before the switch turns on
as shown in Fig. 32.

Another beauty of this class amplifiers is the relatively simple circuit topology
to implement compared to Class-D amplifiers where zero output capacitance is as-
sumed. However, high voltage peaks during a cycle can result in damages for the

transistors.

3.2.7 Other High Efficiency PA Classes

There are other high-efficiency amplifiers such as F, F~!, D71, G, H, S or hybrid
class amplifiers which are combination of these presented. In the classes with an
inverse sign implies simple the change in the waveform of voltage and current. Class-
F amplifiers utilize a quarter-wave transmission line which results in a resistive load
at the carrier frequency, short for all even harmonics means that the only current
flow through the transmission line is the fundamental frequency and open for all odd
harmonics means that a square wave with 50 % duty ratio will be seen at the drain
of the transistor. All other classes somehow use a switching technique, a resonator

or multiple power-supply voltage to reduce the current-voltage product.

41



3.3 Power Amplifier Design Considerations

Designers select the class type of an amplifier according to the requirements of
the system. If a linear amplification is required for applications such as amplitude
modulation (AM), single-sideband modulation (SSB), and quadrature amplitude
modulation (QAM). On the other hand, high efficiency switching-mode amplifiers
have satisfied the need for narrowband tuned amplifiers. These applications include
amplification of frequency modulated (FM) signals.

In an ideal system, the output signal is directly related to the input signal.
However, in real world this is a lot more complicated. This can be due to active
devices, passive devices, supplies or environmental conditions. Unavoidably, even
the gain of an amplifier is never perfect and can change with respect to input power
level, frequency, temperature, and supply voltage. While many analog and RF
amplifiers can be approximated with linear models to obtain their response to small
signal, nonlinearities cal lead to interesting and important phenomena.

Nonlinearities can be divided into weak and strong (or small and large signal)
nonlinearities. Small signal nonlinearities are due to the inherent I-V characteristics
of devices, and give rise to intermediation whereas large signal nonlinearities occur
when physical transistor limitations such as power supply and clipping at saturation
are encountered. The following are the major properties and characteristics which

have to be considered in designing power amplifiers.

3.3.1 Output Power

Output power is the amount of power (in Watts) of RF energy that is produced
at the output of power amplifier. Transistors are the main active components that
produce that much power. Generally, the output port of an amplifier is connected

to an antenna or a T/R switch which directs the signal to the antenna.

3.3.2 Power Gain

The gain of a power amplifier is the ratio of the output power divided by its

input power at the fundamental frequency.

Pour
G = 20
P (20)
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There are three different power gain definitions, operating power gain, transducer

power gain and available power gain.

3.3.3 Efficiency

Efficiency, 7, is the measure of how effectively power amplifier converts power
from the supply into output power, in other words the DC power that is converted
to RF power. There are three different efficiency definitions that are commonly used

for power amplifiers.
3.3.3.1 Drain Efficiency (DE)
The Drain Efficiency (DE) is the ratio of the output power to the DC input

power from supply

pp - four (21)

Ppc

where Poyr is the RF output power and is gigen by

R
Poyr = 212?11 _ 41 > L

(22)

where i; and v; are the peak fundamental components of the output current and

voltage, respectively and Ry is the output load.

3.3.3.2 Power-Added Efficiency (PAE)

Power-added efficiency (PAE) includes also the effect of input power at the fun-
damental frequency. Different from the DE, PAE takes the gain of the amplifier into

account.

Pour — Pin  Pour — Pour/G ( 1 )
PAE = = =DE(1- = 23
Ppc Ppc G (23)

It can be seen from (23) that for high gain amplifiers PAE is the same as DE.
3.3.3.3 Overall Efficiency (OAE)

The last efficiency definition is the overall efficiency (OAE) which is usable for

all kinds of performance evaluations.
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Noverall = ( our (24)

Ppc + Pin)
3.3.4 Linearity

In real world, power amplifiers (not ideal) are only linear within some practical
limits. As one of these limits, when the input signal power is increased beyond a
limit, the gain of the power amplifier will not be constant at all and will start to
decrease until a point. This means the output power will not increase anymore and
will saturate, this is called clipping and results in non-linearity for large signals.
For example, Class-A is the most linear amplifier in all classes but the one has
the lowest efficiency. The linearity decreases when we go to Class-AB,-B,-C and
switching amplifiers.

These non-linearities of a power amplifier can be modeled by a power series

representation which relates input signal to the output signal with

y(t) = arz(t) + apz®(t) + asz(t) (25)

If a sinusoidal input signal is applied to a non-linear system like modeled above,
the output will exhibit the frequency components that are multiple of fundamental
frequency. Moreover, because of this non-linearity, the amplitude of each component
will not be a linear function of input component. If we assume an input signal

z(t) = Acoswt, then

y(t) = ayAcoswt + ayAicos’wt + azAdcosPwt
2 3

A A
@z (1 + cos2wt) + a

= a;Acoswt + (3 coswt + cos 3wt)

CKQA2

3
= 5 +(a1A+

O{2A2 OégAs

3 A
a3 cos 2wt +

) cos wt + cos 3wt  (26)

in (26), the term with input signal z(¢) is the fundamental component and other
high frequency terms are harmonics components. From now on, some of the widely

used linearity parameters will be discussed.

44



T =

-9 O ____

Py P,

Linear Quasi Non-linear
Linear

Figure 33: Output power vs input power for a power amplifier.

3.3.4.1 1 dB Gain Compression (Ppg)

The small-signal gain of an amplifier is assumed when it is assumed that high-
order components are negligible small compared to fundamental term. In (26),
small-signal gain can be equalized to « if harmonics are neglected. However, if the
signal level increases beyond a level, the gain begins to vary. This means output
level increases by a smaller amount for a fixed increase in the input signal level.
This is evident from the term 3a3A%/4 added to a;A in (26). At low input signal
levels, the output power is proportional to the input power. However, as the input
level approaches saturation point, the term 3a3A3/4 will be dominant because of
the cubic dependence of a3 (which is a negative number for most of the transistors),
a3 A3. The output level at which gain compresses by 1 dB is called “1 dB compression
point” or Pi4g. This phenomenon is shown in Fig. 33 where both P;n and Popr

are plotted in logarithmic scale.
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Figure 34: Corruption of a signal due to intermodulation between two signals,
two-tone test.

3.3.4.2 Intermodulation Distortion

Another important amplitude distortion introduced by the amplifier is the in-
termodulation distortion (IMD). IMD is generated by undesired mixing products,
which distort the fundamental tones and give rise to intermodulation products. A
two-tone test can be used to understand the IMD level of a power amplifier. To un-
derstand how (25) gives rise to intermodulation, assume z(t) = Ajcosw;t+ Ascoswot.
When this input signal is inserted in (26) and expanded, we obtain the following

intermodulation products:

3 3
W = Wi,wy <051A1’2 + —OZ3A1723 + 50&3141,2142’12) COS wl’gt

4
3a3A; 22 A
= 2&)1,2 + Wwa - M COS (2&)1,2 + w271) t
3as3A; 52 A
—i—% cos (2wy g —wag)t (27)

In Fig. 34, the third-order intermodulation products at 2w; — wy and 2ws — wy
are illustrated. It is important to note that if w; and w, are close to each other,
as have been in two-tone test, 2w; — wo and 2ws — wy products will appear in the

vicinity of fundamentals tones w; and ws.

3.3.4.3 Input and Output Intercept Point (/I/P; & OIP; )

Because third-order products are very important for RF systems, to characterize
this behavior, a performance metrics called “third-order intercept point” (IP;) has

been defined. In this analysis, two-tone test is applied in which A is chosen to
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be sufficiently small such that high-order terms will not dominate the gain of the
fundamental products (w; and ws) given in (27). From (27), it is clear that the
increase of fundamental tones is proportional to A, whereas the increase in third-
order products is proportional to A3. This behavior is plotted in Fig. 33 on a
logarithmic scale where third-order intermodulation (IM3) products increase in a
rate three times of fundamental products. The third-order incept point is defined as
the intersection of these two lines. The input power level at which /P35 is occurred
is called input IP3 (IIP;) and the output power level is called output IP3 (OIPs)

points.

3.3.4.4 Phase Distortion

The origin of amplitude distortion is simple and intuitive: the device structure,
signal power level, current and voltage waveforms, etc. On the other hand, the
phase distortion is also simple but not that much intuitive. The phase distortion
is simply originated by the voltage-dependent parasitic capacitances of the active
components in an amplifier. With different power levels of the input signal, the
parasitic capacitance of a transistor changes which leads to change in phase of an
amplifier. Therefore, Class-A amplifiers have the best phase performance due to the
same bias voltage. However, high-efficiency amplifiers results in high deviations of

phase with respect to input power level due to biasing schemes.

3.3.5 Stability

Stable performance in the frequency of operation is one of the most critical re-
quirements for an amplifier. This is a particular concern when dealing with RF
circuits because these systems tend to oscillate depending on frequency and ter-
mination. Therefore stability analysis consume important portion of an amplifier
design. Therefore there are some methods to define an unconditional stability for
amplifiers such as p-factor and & also known as Rollett factor [48].

In our analysis, we will apply k-factor method in our simulations to verify the

unconditional stability of the amplifier. Here unconditional criteria are given in
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Al = [S11592 — S1282] < 1 (28)

Equations in (28) are both together stability conditions which are only valid at one
frequency and bias conditions.

While k-factor method is helpful to analyze the stability analysis of linear am-
plifiers, this method has many limitations. First, it is a bias dependent method and
any change in the bias can result instability due to the change of parasitic capaci-
tances of the active device. Second, this method does not count the effect of input
power level and frequency. Therefore designer has to check the k-factor for different
frequency and input powers. Lastly, k-factor analysis does not provide any infor-
mation about the amplitude and phase of oscillation. As a result, k-factor method

has several disadvantages but an easy analysis to perform today’s computers.

3.3.6 Biasing

One of the crucial steps designing PA is to provide reliable DC' bias to transistor
in the circuit. As discussed the section above and given in Fig. 26, DC bias of an
amplifier directly determines the class of an amplifier. Consequently, any change
in the bias point can lead to an undesirable region of operation from the point of
linearity and efficiency. Therefore designer has to pay much attention to the bias
circuit such that it guarantees a stable class operation. Moreover, bias circuit need
to be designed to prevent any low frequency oscillation. Based on the technology
and transistor type, bias circuits can also perform some additional tasks like stable

voltage/current generation, temperature compensation or dynamic biasing [49].

3.3.6.1 Constant Current/Voltage

Constant current biasing (CCB) and constant voltage biasing (CVB) are two
most used techniques in power amplifier biasing networks. As indicated by their
names, CCB and CVB improves the performance of the amplifier by providing

constant current and voltage with respect to input power. A typical CCB circuit is
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Figure 35: A simple constant current biasing network.

given in Fig. 35. At node A, a constant voltage is obtained as long as the current
source Ipc is constant. With a proper resistor Ry;,s, amplifier transistor, (J; can be
biased easily.

When the input RF power increase, the collector DC' current does not change
due to the constant bias circuit. This results in a drop of quiescent base-emitter
voltage to drop as shown in Fig. 36. As a result, clipping is observed at the output
node of the amplifier which generates unwanted harmonics. As a result, the linearity
of the amplifier is degraded.

On the other hand, a simple CVB circuit consists of a single large inductor Ljg,g4e
is given in Fig. 37. A constant DC' voltage is provided at the base of the amplifier
through a large inductor. When the RF power increases, the base DC current of

the amplifier increases and so does the collector DC' current. As shown in Fig. 38,

lC A
RFour
9 /\/ A
au Vor
C
RF;,

Figure 36: Large signal analysis of CCB network.
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Figure 37: A simple constant voltage biasing network.

this method will improve the linearity because output current will clip less than
CCB method. However, large inductors consume much area and increase the cost.

Therefore, this method is often replaced with a biasing network including op-amps.

3.3.6.2 Other Biasing Methods

In addition to CCB and CVB methods, there are several biasing methods for
power amplifiers such as temperature-compensation, linearization, and dynamic bi-
asing. As mentioned above, undesirable shifts in bias of amplifiers can occur due to

change in the input power level. In addition, increase in the junction temperature

° / RFoyr
IbiaS
N _/_____1_\_/__ T

-
P

VBE

Figure 38: Large signal analysis of CVB network.
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causes base-emitter voltage, Vg to drop. The drop in Vg significantly affects the
operating region and class of a power amplifier. To prevent this bias networks consist
of ballasting resistors and diode-connected transistors are used which compensates
the drop [50]. Moreover, there are some special bias networks such that improve
the linearity of a power amplifier during a large signal RF input [49]. In addition
more complicated dynamic biasing networks exist in which switches and detectors
are used to provide higher efficiency at the low power region [49]. Because the effi-
ciency is directly proportional to the DC power consumption, this method changes
the DC' bias point of an amplifier at the low power inputs and thus increases the

average power efficiency.
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4 A Two-Stage X-Band Power Amplifier

The phased array X-Band T/R module is introduced and discussed with the
system requirements in Chapter 1. In addition, power amplifier fundamentals and
performance parameters are briefly discussed in Chapter 3. In this chapter, design
steps of X-Band power amplifiers will be presented with simulation and measurement

results.

4.1 Power Amplifier Requirements

As discussed in Chapter 1, one of the main aims for the usage of phased array
systems is the increased radiated power in required direction, explained with equiv-
alent isotropically radiated power (EIRP) which is PxN? where P is the power
radiated by each PA and N is the number of elements in an array. The number
of elements required for a radar system according to the radiated power of each
element is already presented in Table 1. According to the perspective of an IC
designer there is a practical limit for maximum achievable radiated power for fully-
integrated power amplifiers, although this fact is not taken into account in Table
1. Although details will be discussed later in this chapter, now, let’s assume that
maximum output power is 23 dBm for a single PA operating at X-Band. In that
case, with combination of four PAs, the phased array chip will have an EIRP of 38
dBm (23 dBm for output power of PA, 3 dB of a predicted antenna gain, and 12 dB
for array gain), as shown in Fig. 39.

As a result, the output power of the PA that is chosen to be higher than 20

dBm is limited by the used technology. Furthermore, the gain of the amplifier is

X RX

P t
1 3

4

Each PA 4 Antglrrnna + Array Gain = EIRP
23 dBm 3dB 12 dB 38 dBm

Figure 39: A 4-element phased array transmitter.
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Figure 40: The connections and requirements of PA in the X-Band phased array
T/R module.

required to be high enough to compensate losses introduces by passive components
like SPDT, T /R switches and phase shifter. Therefore moderate gain of 20 dB that is
achievable with two stage amplifier is selected as the block requirement. As was the
case for all blocks, input and output of the PA have to be matched to 50 €2. Because
most of distance measuring radar systems is based on frequency modulation, pulse
modulation or no-modulation in continuous wave systems, such as Doppler radar,
the class of PA is chosen to be as linear as possible which means Class-A or Class-AB.
The efficiency requirement of the PA is automatically determined by the selection of
the class type, thus 25 %, which is typical Class-A amplifiers, will be the requirement
for this design. The connections of the PA with the requirements discussed are given

in Fig. 40.
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Figure 41: BVogo and BVepo vs. peak fr in second and third generation SiGe
technologies.

4.2 Breakdown Voltages

After discussing the requirements and selected class for the PA block, next step
is the section of the topology. As it has been for all blocks, the topology of the PA
has to be selected considering the used technology and advantages/disadvantages
of it. To begin with, first problem comes up with the breakdown voltage of the
transistors. It is known that the high-speed characteristics (e.g. fr, faax) of
high-performance SiGe HBTs are generally obtained with the sacrifice of break-
down voltages [51]. Therefore, common knowledge topologies for PAs are not suit-
able for high-performance technologies having less than 2.5 V breakdown voltages;
Collector-Emitter Breakdown Voltage (BV¢go) and Collector-Base Breakdown Volt-
age (BVepo). Therefore, new topologies specific to technology and process are
required to meet the requirements.

It was shown that driving SiGe HBT with a forced Ig, as opposed to Ig, can in-
crease the breakdown characteristics of the device from the BVogo value up to that
of BVepo voltage which is nearly twice that of the BVygo voltage, as shown in Fig.
41 [52]. This means that operating an amplifier in the Common-Base (CB) configu-

ration as opposed to the more widely used Common-Emitter (CE) configuration can
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Figure 42: Configurations for (a) Common-Emitter, (b) Common-Base, and (c)
Cascode amplifiers.

result in higher breakdown voltages, as shown in Fig. 42. Furthermore, combination
of these two configuration results in a CE/CB hybrid which is commonly known as
cascode configuration.

In the cascode configuration, the CE transistor not only acts as the gain provider,
but also forces an Ig for the CB device, providing the aforementioned increased
breakdown voltage. In addition, usage of moderate-speed but high-breakdown volt-
age device as the CB device also improves the total breakdown voltage of the cascode
configuration. While the knee voltage of the cascode configuration is increased due
to the addition in series of the voltage drop across the Collector-Emitter junction of
the CE device and CB device, the impact of this on PAE is studied in [53]. Because
the breakdown voltage is greatly increased compared to the CE configuration, it is
possible to see increased PAE from the cascode configuration.

As a result, using a higher breakdown voltage device in the CB portion of the
cascode configuration allows for increased operating voltage. On the other hand,
using a lower breakdown and higher gain device for the CE portion results in greater
gain. Because of all these analysis, a cascode configuration will be utilized in the

further designs.
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Figure 43: Schematic of the one-stage cascode power amplifier.

4.3 Single Stage Power Amplifier Design

Before the proposed system architecture and requirements of each block are
decided, a one-stage X-Band amplifier is designed in THP 0.25um SiGe BiCMOS
process technology. A schematic of the power amplifier is shown in Fig. 43. As
discussed in the previous section, high-speed transistors are used as the CE stage
and high-breakdown transistors are used as the CB stage. The device size and
numbers are sized such that, at optimal bias, each device operates near its peak fr
current. Maximum emitter geometry available by this particular SiGe technology is
used to decrease the parallel connection of transistors.

To match to the relatively small input impedance to 50 €2, on-chip passive com-
ponents are used. All inductors are custom designed using either ADS Momentum
or SONNET. As a result, semi-port layout simulations are performed with both
foundry provided models for transistors, capacitors, resistors and EM modeling of
inductors.

Large banks of capacitance utilizing on-chip MIM (metal-insulator-metal) ca-
pacitors were used at the base and supply connection of the circuit. Trace lengths
between transistors and capacitors are kept as short as possible to minimize series

parasitic resistance and inductance.
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Figure 44: Die photo of the power amplifier.

4.3.1 Measurement Results

Shown in Fig. 44, the chip occupies an area of 0.6 mm x 0.65 mm, including
pads. The chip is attached to the FR4 substrate using conductive epoxy to function
both as ground, mechanical support and a heat sink.

Large-signal measurements are performed using the measurement setup shown
in Fig. 45. The output of the power amplifier is first connected to a low-pass
filter to attenuate all harmonic signal power and a power limiter is connected to
prevent damage to the power sensor and power meter. At the end, the signal power
is measured with a power meter. The power losses in the measurement setup are
calibrated out with a thru measurement calibration, consisting of two cables and
two probes connected in series.

As shown in Fig. 46, at 10 GHz the amplifier has a small-signal gain of 8 dB.

However, there is a frequency shift for the input matching which is centered at 11

DC Supply
Agilent
E3631A
DC
Probe
Agilent Low-Pass Agilent Agilent Agilent
E8267D put Filter N9356C E4413A 4418B
Signal Generator RF Probe RF Probe Power Limiter ~ Power Sensor Power Meter

Figure 45: Large-signal measurement setup.
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Figure 46: S-parameter measurement results.

GHz with a bandwidth of 2 GHz. In addition, the output matching is also shifted
but to the lower frequencies.

The 1 dB output power compression point and gain measurements at 10 GHz
are given in Fig. 47. It is measured that the power amplifier can produce 14.8
dBm output power with 8 dB gain while drawing 48 mA from a 3.5 V supply. The
corresponding peak drain efficiency is 20 %.
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Figure 47: Output power and gain measurement results at 10 GHz.
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4.3.2 Discussion

According to the measurements, there is frequency shift in S11, S22 and S21
values with respect to simulation where both S11 and S22 are matched to 50 €2 at
10 GHz with a small-signal gain of 13 dB. There are two reasons for this measured
frequency shift; grounding and deficiency of by-pass capacitor shown in Fig. 48. L1
inductor used for the input matching network is not grounded well and connected
directly one of the ground ports of the RF port. However, this is not enough because
this type of connection is not well-grounded and the inductance value of the input
matching network is increased due to the additional inductance contribution from
the port. Moreover, the by-pass capacitance between the supply and ground is not
enough to RF-short any parasitic contribution by bond-wire inductance. Therefore,
the output matching is also shifted due to the additional inductance of bond-wire.

After the system specifications and requirements of blocks are determined, a new
two-stage power amplifier is designed while these problems are taken into consider-

ation.

Figure 48: Grounding problem in the designed power amplifier.
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Figure 49: Schematic of the two-stage X-Band power amplifier.

4.4 Two Stage Power Amplifier Design

As it has been the case for the single-stage power amplifier, two-stage power
amplifier is also designed in Class-A mode due to high output power and gain, but
especially for the system requirements such as modulation. Since the RF bandwidth
of pulse mode radar will be around 1 GHz, it is more suitable to make the group
delay variation of the power amplifier as less as possible. Therefore, Class-A mode
amplification is suited best as the class type. Also, as much output power as possible
will be better for this design; therefore more than 22 dBm output power will be the
aim.

In order to fulfill the design requirements of the T/R module, power amplifier
specifications are given in Table 5.

The two-stage power amplifier design starts with the output stage. In the first
place, the output stage needs to deliver the required output power. For this reason,
[-V characteristics of transistors are analyzed and a bunch of transistors are used

in parallel to draw enough current to catch specifications. In this stage, all bias

Table 5: Power amplifier specifications.

Bandwidth 8-12 GHz
Gain > 20dB
Pias > 22dBm
Input & Output Impedance 50
Supply Voltage 4V
PAE > 25%
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voltages and currents are determined. In the second place, output matching network
is investigated for maximum power transfer but most importantly for maximum
output power. Since the output stage is the most power-hungry module in the
power amplifier, output matching network is selected carefully to minimize any
parasitic resistances. The selected operating 4 V and the bias current is 120 mA.
The output node can swing between 0.5 V to 8 V while all the transistors work in the
active region. Therefore, the optimum load impedance is between 25 and 30 €2 due to
voltage drops on parasitic resistances of inductors and metal connections. Therefore,
50 €2 load has to be converted to approximately 30 2 with output matching network.

The next step is the design of first stage and inter-stage matching network. The
first stage also biased at Class-A mode and draws much less current than the second
stage. This stage helps to achieve required 25 dB small-signal gain. Input matching
network is designed according to straight-forward conjugate matching for maximum
power transfer. At the end, the inter-stage matching is designed to conjugate match
input impedance of the second stage to the output impedance of the first stage. A T-
type inter-stage matching is designed to increase the bandwidth of the amplifier. As
a result, the schematic of the two-stage X-Band power amplifier is given in Fig. 49.
Moreover, component values of the design are also given in Fig. 50. It is important
that all components are custom designed including inductors. Finally, the design of

the output matching network with the smith chart reference is given in Fig. 51. The
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Figure 50: Schematic of the two-stage X-Band power amplifier, component val-
ues are indicated.
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Figure 51: Design of the output matching network with the smith chart refer-
ence.

capacitance (), is the parasitic capacitance of the RF-pad between Top-Metal2 and
substrate-ground. This parasitic capacitance of the RF-pad is around 60 to 80 fF
and it is large enough to affect the output matching at 10 GHz.

4.4.1 Special Considerations

As it is the case for all circuits at any frequency, there are technology and
frequency-dependent problems. The design of a power amplifier is straight-forward,
and one can find tens of books about it. However, when it comes to design a high
frequency, on-chip power amplifiers, it is maybe one of the most challenging building
blocks of a T/R module due to parasitic, low-Q passives, chip area, heat and etc.
Therefore, we faced with some problems while designing the power amplifier and
special considerations are taken into account.

One of the problems is the grounding as mention in previous sections. Because
passives and transistors are connected to a perfect-ground in the simulations and
DC-probes and bond-wires are used in the measurement setup, measurement results
deviate from the simulation results as it was the case for the single-stage power
amplifier. For example, inductance value of a bond-wire changes from 1 nH to 10 nH

depending on the length of the wire and frequency. This inductance is directly added
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Figure 52: Die photo of the designed two-stage X-Band power amplifier.

to the circuit and changes the operating frequency and everything. To overcome this,
Top-Metal2 is used as the ground and inductors are simulated until this big ground,
Ground Reference, as shown in Fig. 52. With this method, inductors are located
anywhere of the chip because we have the ground everywhere. It is important that
Top-Metal2 is connected to the substrate of the chip with vias. Also, lots of ground
pads are located to connect Top-Metal2 to the ground of the package.

The second problem is again about bond-wires but this time on the output part
of the circuit. To prevent additional inductance of bond-wires at the supply node of
the circuit, several capacitors are connected in parallel to make this node RF short.
Therefore, empty parts of the layout are filled with capacitors. As known, this is
not a special process to high frequency and on-chip circuits but used in every active
circuit.

Lastly, stability is analyzed through the power amplifier design. The stability
was not taken into account deeply in the beginning because of the cascode topology.
As we mentioned earlier, the stability of the cascode topology is better than a CE
amplifier because of the cascode transistor. However, the stability becomes critical
during the inter-stage matching and the layout. The inter-stage matching network
results in an extra pole in the circuit and, thus, a low frequency (1-4 GHz) stability
problem is observed. It is clear that power amplifier has to be stabil not only in the
operating band but also all over the spectrum. Therefore, a simple RC' is connected

in parallel to capacitor C3, as shown in Fig. 53(a). Moreover, as shown in Fig. 53(b),
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the capacitance C is connected to the base of the cascode device. However, if this
connection comes with a parasitic inductance in the layout, this results in a stability
problem and with a small resistance Ry, one can prevent this stability problem.
However, any resistance, R, will change the output impedance and performance
of the circuit because an ideal RF short is needed at this node. Instead, we bring the
capacitance C near enough to the cascode device so that any parasitic inductance

is prevented.

4.4.2 Measurement Results

The power amplifier is fabricated in IHP’s 0.25 um SiGe BiCMOS process tech-

nology and bonding of the chip is performed by ourselves as shown in Fig 54. The

Figure 54: The chip with bond-wires.
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Figure 55: Designed test-board for the power amplifier.

pins on the bottom row of the chip are bounded directly to the ground, PCB. On the
other hand, other pins are bonded to each of lines in Fig. 54. Different from other
pins, two bonds are used to connect the supply pin to lower parasitic inductance and
resistance of bond-wires. On the PCB, several value capacitors are used for each
bias line to filter any noise received from cables and other instruments, as shown
in Fig. 55. In the measurement setup, shown in Fig. 56, two 100-um pitch GSG
7040 Z-probes are used in the input and output ports. All bias voltages are sup-
plied by coaxial cables to decreases noise coupling. And finally, the drawing of the
small-signal measurement setup is given in Fig. 57. On the other hand, large-signal

characteristics are measured in the same setup shown in Fig. 45.

Figure 56: Chip photo of the measurement setup.
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First s-parameter measurement results are shown in Fig. 58. Although there is
nearly 1 GHz frequency shift, the small-signal gain of the power amplifier is more
than 23 dB with a gain variation of 4 dB between 8.5 GHz and 11.5 GHz. Moreover,
input matching is better than 9 dB more than 5 GHz bandwidth as shown in Fig. 58.
Because maximum output power is the essential design criteria, output matching
is not as good as input matching and lower than 10 dB for 2 GHz bandwidth and
better than 5 dB in the overall X-Band. Although it is not shown in the simulation
results, reverse gain (S12) is better than 45 dB from up to 20 GHz due to two-stage
cascode topology. And finally, there is no indication of an oscillation in the overall
spectrum.

In addition to small-signal results, the large-signal measurement results are
shown in Fig. 59. The frequency shift approximately 1 GHz can also be seen
in the large signal measurements. The designed power amplifier achieves output
referred 1 dB compression point (Pygp) of 22.2 dBm at 9 GHz. For a 3 GHz band-
width, power amplifier produces more than 20 dBm output power on 50 €2 load. The
frequency response of the output power and saturation power is given in Fig. 60.
The maximum output power (saturation) that power amplifier achieves is 23.2 dBm,

which is more than 200 mW. Although there are several techniques to improve Piyp
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Figure 57: Measurement setup.
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Figure 58: S-parameters measurement results of the designed X-Band PA.

of the power amplifier, these techniques are not utilized to keep the design simple.

However, higher output powers can be achieved by increasing the bias voltages in

the expense of reliability.

Lastly, power-added efficiency (PAE) of the power amplifier is given in Fig. 61.

The first stage draws 4 mA from 3.2 V supply whereas the second stage draws 70 mA

from 4 V supply in small-signals (smaller than -10 dBm). For high input powers,
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the DC current consumption increases up to 120 mA for the second stage. As a
result, shown in Fig. 61, the power amplifier achieves more than 25 % of PAE in a 3
GHz bandwidth from 8 GHz to 10 GHz at the 1 dB compression point. Lastly, the
power amplifier has a 30 % PAE in the saturation at 9 GHz, as shown in Fig. 61.
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Figure 61: Measurement results of power-added efficiency.
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4.4.3 Discussion

As a result, the designed two-stage PA fulfills all the requirements except ap-
proximately 1 GHz frequency shift. However, this is not a big issue because this
problem will be solved in the full T/R module design. The comparison of the PA
with other works in literature is given in Table 6 [54, 55, 56, 57]. According to the
Table 6, the PA achieves comparable gain with comparable output power of 23.2
dBm with a compact area of 1 mm? and wide bandwidth of 3 GHz. Moreover, this
design shows higher efficiency than other works in literature. There can be some
improvements in the linearity of the amplifier with improved bias networks. This
improvement may increase the output power of the PA even more. Moreover, the
center of the operating band has to be at exactly 10 GHz to cover whole X-Band.
Also, the output matching of the amplifier may be improved with better output
matching networks of usage of on-chip transformers. However, the design of an on-
chip transformer is more complicated than inductor design because of the area and

efficiency issues.
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5 X-Band Phased Array Antenna Design

In this chapter, a phased array antenna design will be discussed through sim-
ulations and measurement results. Until now, blocks of a T/R module introduced
and simulation/measurement results are provided. To complete a fully functional
phased array system, several of T/R modules are needed to be used with anten-
nas included, as shown in Fig. 62. A fully-integrated T/R module is not ready,
therefore there is no need an antenna right now. However, to warm up future work
of this fully-integrated T /R module project, a X-Band antenna has to be designed
and maybe analyzed in an array format. Therefore, in the scope of Antennas &
Propagation course, a X-Band microstrip patch antenna array is designed and mea-
sured as a proof-of-concept for 10 GHz direction finding applications. To do so, a
circular phased array is designed consist of three antenna elements utilizing two Hit-
tite HMC931LP4E Analog Phase Shifters. Rogers RT /duroid 5880 high frequency

laminates are used to achieve high-efficiency antennas at 10 GHz.

DGC Control

RI:in-out

Divider

£=2.2 Rogers 5880

Figure 62: Antenna element in a full T/R module test setup.
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5.1 Direction Finding

There are two primary methods that examine for single channel direction finding
(DF); Watson-Watt Method using an Adcock antenna array known as amplitude
based and Pseudo-Doppler Method using a circular array known as phased based
method [58, 59].

Watson-Watt DF method is an amplitude-based method that uses relative am-
plitudes of antennas in an array arranged according to the Adcock design. The Ad-
cock design consists of four antenna elements arranged in a perpendicular, crossed-
baseline configuration. In this configuration, received signals are subtracted between
pairs and the outputs give the direction of the target. Although this method is an
effective way to find the direction, it requires high precision amplifiers to detect the
amplitude difference between two antenna elements nearby. This can be possible
for frequencies up to 1 GHz, but for an application at 10 GHz, this will be hard to
handle at such high frequency. Moreover, this method requires circuits for phase
and magnitude imbalance, sum and difference hybrids and etc.

Another direction finding method is the Pseudo-Doppler method based on Doppler
shift on successive elements in a circular array. Measurements of incoming signal
from each element enable the direction of the target. In principle, when we move
an antenna in a circular path, the instantaneous frequency of received signal will be
shifted. As the antenna moves, it imposes as Doppler shift on the received signal.
The Doppler shift is at a maximum if the antenna moves toward and away from the
direction of the incoming wavefront. On the other hand, there will be no Doppler
shift if the antenna moves in the orthogonal direction. Alternative to a moving
antenna, a circular antenna array can be designed and a rotating RF switch can be
used. If the size of the circular array is increased, the resolution increases but this
requires more switches and area.

In our design, a simple circular array will be designed like Pseudo-Doppler
method but the direction of the main beam of the antenna array will be moved
to find the direction of the target. Because maximum signal is received in the di-
rection of the main beam, by changing the direction of the beam we can detect the
target. This is a simple method and not as efficient as other two methods. But with

a few antenna elements and phase shifter, one can easily design a DF circuit.
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Figure 63: An N-element circular array.

5.2 Array and Feed Network Design

For this particular application, a three-element circular antenna array is de-
signed. Because we have only two phase shifters, the number of elements in the
array is limited to three; two of them will be connected to phase shifters and third
element will have always (0° degree phase. To understand the theory of circular array
antennas, let’s first examine the phase shifting activity. Referring to Fig. 63, let us
assume that there are N isotropic, equally spaced antenna elements on the x-y plane
along a circular path of radius a. Using the same analysis that is used to derive the
array factor of a linear array show in Fig. 2, one can easily derive the array factor

for a circular array of N equally spaced elements such that [60]

N
AF(97 ¢) — Z Inej[kasinécos(d)—(z)n)—I—an] (29)

n=1
Here the peak of the main beam is in the (6y— ¢g) direction and the phase excitation

of the nth element is required to be

a, = —kasin 6y cos(pg — ¢y) (30)
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Figure 64: Three-element circular antenna array and feed network.

According to this formula, the phase configuration of the antenna array will be
analyzed in the following sections of this chapter.

As a result, a three-element circular antenna array is designed in the configu-
ration shown in Fig. 64. There are 120° angle and approximately 0.75\ distance
between successive elements. One of the elements in the antenna array is directly
drive and two of the elements are driven by phase shifters. Therefore, beam feed

network consists of two phase shifters and transmission-lines as shown in Fig. 64.

5.3 Antenna Elements

Before analyzing the antenna array let’s first look at a single antenna element
as shown in Fig. 65. For this application a microstrip patch antenna is used in the
antenna array. As it is known, microstrip antennas consist of a very thin metallic
strip (patch) above a ground plane. The microstrip path is designed so that its
radiation pattern is normal to the patch. There are several excitation methods for
patch antennas; line feed, probe feed, aperture-coupled and proximity-coupled feed.

Because phase shifters are used in this design, we will feed the antenna elements using
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Figure 65: Single antenna element used in circular array.

line feed method. For a rectangle patch, the length of the patch antenna is usually
Xo/3 < L < \o/2. If we consider the dielectric constant of Rogers RT/duroid 58880
as 2.2 and the operating frequency as 10 GHz, the length of the antenna element can
be calculated approximately 1 cm. With these dimensions, resonant input resistance
of a rectangle patch antenna is higher than 50 2. However, it has been shown that
the resonant input resistance can be changed with an inset feed as shown in Fig.
65. With this technique, the input resistance of the antenna element is matched to
50  easily.

According to these techniques, a 10 GHz antenna element has already designed
and simulated in a 3D full-wave electromagnetic field simulator, HFSS™ . S11 and
radiation pattern of the antenna element are given in Fig. 66(a). As shown in
Fig. 66(a), it’s input is matched to 50 Q at 10.15 GHz and has a bandwidth of 180
MHz (10 dB bandwidth) which equals to 1.7 % bandwidth. This is a very narrow
bandwidth but it is typical value for thin substrate microstrip patch antenna. In
addition, the antenna element has a directivity of 7.4 dB with an efficiency of 96 %,

which are again typical values, as shown in Fig. 66(b).

5.4 Antenna Array Design Without Phase Shifters

In order to realize the proposed DF method, a three-element circular array an-

tenna is designed using two Hittite HMC931LP4E Analog Phase Shifters. The an-
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Figure 66: Simulation results for an antenna element shown in Fig. 41, (a) S11,
and (b) Directivity

tenna elements are positioned in a circular path with a spacing d = 0.75\ between
successive elements as shown in Fig. 67(a).

In order to realize the proposed DF method, a three-element circular array an-
tenna is designed using two Hittite HMC931LP4E Analog Phase Shifters. The an-
tenna elements are positioned in a circular path with a spacing d = 0.75\ between
successive elements as shown in Fig. 67(a).

First, antenna array with only three elements are simulated in ADS Momentum
due to simple construction and easy handling. As shown in Fig. 67(b), antenna has
12.5 dB directivity (7.5 dB from the antenna and 4 dB from the array gain 10log
(3) = 4 dB) with an efficiency of 88 % due to substrate loss.

Next, different excitation phases are applied to the antennas according to (30). A

simple MATLAB code, given in Appendix B, is generated to find relevant excitation

Phase1 a T
im4
THETA=1.000 s %
~_d 10%l0g 10(mag(Directivity)) = 12.507 7 .
~ ~ ax
S~ s &
N THETA=1.000
N Dvi0g 0mantGain) <193 7
Phases g - i %
mé D T 7 3
THETA=-25.000 =
10102 10(mag(Directivity)) = 8.519)
Efficiency [%]
9 7
Phase,
180°
THETA (-50.000 to 90.000)
(a) Three-element circular antenna array (b) Directivity, gain and efficiency

Figure 67: Simulation results for three-element antenna array: (a) placement,
and (b) antenna parameters.
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Figure 68: Simulation results for three-element antenna array with an angle of
direction: (a) polar plot, and (b) radiation pattern.

phases of all elements for the required direction (6, ¢). For example, each element in
the array is excited with uniform amplitude and different phases to achieve 6 = 20°
and ¢ = 0°. To do so, 30°, 30°, and —60° phases are applied to 3 isotropic elements
according to the array theory and simulation results are given by both polar plot
in Fig. 68(a) and 3D pattern in Fig. 68(b), respectively. It is important to note
that only 17° theta angle could be achieved rather than 20° due to non-isotropic
antennas and proximity of ground as shown in Fig. 68(a).

The final step is the design of beam forming network for antenna array. Because
we have three elements in the array, a three-way power divider is required. However,
due to the insertion loss of phase shifter used for only two of the antenna elements,
an unequal three-way power divider is required for this design. In addition, electrical
length of feeding network has to be equal for each element because we want radiation
angle to be 0° for both theta and phi angles. Therefore meandered transmission lines
will be used to achieve the same electrical length for all elements. The final layout
and fabricated three-way unequal power divider with equal electrical length is shown

in Fig. 69(a) and Fig. 69(b), respectively.

5.5 Antenna Measurements

After fabricating the antenna, input impedance is measured using Agilent E8720S
Network Analyzer. Measured S11 results fit simulation results perfectly as shown in

Fig. 70(a). From these results, at least we can understand that antenna has some
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(a) Layout of antenna array (b) Fabricated antenna array

Figure 69: (a) Layout and (b) fabricated antenna array.

radiation at 10.1 GHz. However, extra measurements are required to determine the
antenna gain. Therefore one of the gain measurement techniques is used as shown
in Fig. 71. A horn antenna which has a known gain at 10 GHz is placed 2 meters
away from the antenna. For the gain measurement, we have to consider the far-field

condition. The far-field conditions are summarized as follows [60]

- 2D?
r [
A
r >> D
ro>> A (31)

where r is the distance between antennas, A is the wavelength and D is the line

source. However D is the diagonal length of the horn antenna which is equal to
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Figure 70: Measured and simulated (a) S11 and (b) gain of the antenna.
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Network Analyzer

Figure 71: Antenna measurement setup.

20 cm in this measurement setup. According to (31) the minimum distance has to
be 2.67 meters but there was not enough space in front of the network analyzer.
However this is not very critical for our measurement because only gain of the
antenna is measured.

After all calibrations are performed, the insertion gain (S21) between two ports

of the network analyzer is measured. According to Frii’s transmission equation,

P, A\
T
= GG = (32)
P, AT R
5 T T 5 T T
—e— Measurement] 04 A —&— Measurementf
g ° 1 35 \ '
i {8
T 5 ~ 4
Eo £ 10
o T o T
Z 2 10 Z 2 -15
o g 035
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Wi 5 -254
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(a) E-plane (b) H-plane

Figure 72: Simulated and measured (a) E-plane and (b) H-plane normalized
amplitude of the antenna.
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Figure 73: (a) Simulated and (b) measured radiation pattern of the antenna.

where P, and P, are the transmitted and received power, GG, and G; are the gain
of the receiver and transmitter antennas, and R is the distance between antennas.
The inverse of the factor parentheses in (32) is the so-called free-space path loss.
P,/ P, is measured which is S21, G, gain of the transmitter horn antenna is known
as 10 dB, and free-space path loss is calculated for 10 GHz and 2 meters of distance.
As a result the simulated and measured gain of the antennas is given in Fig. 70(b).
As shown in Fig. 70(b), the simulated gain of the antenna is 10 dB which is 2.5
dB lower than ideal case due to lossy substrate and power divider. According to
measurements, the gain of the antenna is approximately 6 dB which is even lower
than simulated results. We can attribute this difference to errors in the measurement
setup and fabrication. Moreover, E-plane and H-plane measurements as well as 3D
radiation pattern is performed in TUBITAK using near-filed measurement setup.

E-plane and H-plane results are provided in Fig. 72(a) and 72(b). E-plane and H-
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Figure 74: (a) Insertion loss and (b) phase shift of Hittite HMC931LP4E analog
phase shifter with respect to frequency.
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Phase Shifters

(a) Layout of antenna array (b) Fabricated antenna array

Figure 75: (a) Layout and (b) fabricated antenna array.

plane results are provided in Fig. 72(a) and 72(b). In addition to these, simulated
and measured 3D radiation patterns are also given in Fig. 72(a) and Fig. 72(b),

respectively.

5.6 Antenna Design With Phase Shifters

As mentioned before, insertion loss of the phase shifter is troublesome for the
antenna design because all the analysis depends on the assumption of uniform am-
plitude excitation. Therefore an unequal three-way power divider is required to com-
pensate losses of phase shifters. The insertion loss and phase shift of HMC931LP4E
are given in Fig. 74(a) and Fig. 74(b), respectively [61].

After all compensations are performed, antenna array is designed and fabricated

as shown in Fig. 75(a) and 75(b). Because simulation is not straight forward, only

O L] L) L] L)
44 3dBline |, [—=—Measurement]
5 o 2 1
Z o
—_ c -
m T D
T -104 O
= 2 4 :
w
(5}
-154 = 64 ]
—a&— Simulation < 8
—o— Measurement|
-20 T T T T T 10 = L) L] L] L]
6 8 10 12 14 6 8 10 12 14
Frequency (GHz) Frequency (GHz)
(a) S11 (b) Antenna Gain

Figure 76: Measured and simulated (a) S11 and (b) gain of the antenna.
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S11 is simulated considering 3 dB loss for each phase shifter using ADS Momentum.
Again the same measurement setup is preferred and all results are given in Fig.
76(a) and Fig. 76(b). As shown in Fig. 76(a), input impedance of the antenna
is not very well matched to 50 €2 due to losses and mismatches of phase shifters.
Furthermore, the gain of the antenna is measured and it is approximately 4 dB lower
than the antenna without phase shifters. Also the direction finding performance is
not measured and rest of the measurements like E-plane, H-plane, gain and direction

performance are planning to be measured in an anechoic chamber in TUBITAK.
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6 Conclusion & Future Work

6.1 Summary of Work

Tremendous growth of RADAR and communication electronics requires low man-
ufacturing cost, high performance, minimum area consumption, and highly inte-
grated solutions for next generation Transmit/Receive (T/R) modules which are
one of the most important blocks. Specifically, designing all sub-blocks in the same
die in opposite to present T /R modules, where sub-blocks are designed separately
and connected in a main-board, is the main aim of the next generation RADAR sys-
tems. To realize these ideas, new topologies are investigated to fulfill requirements of
these RADAR systems where hundreds or thousands of T/R modules are utilized.
In addition to the topological work, proper selection of the technology to realize
these modules forms big portion of the overall work. With the recent improvement
and developments, Silicon-Germanium (SiGe) Bipolar CMOS (BiCMOS) technol-
ogy became a good candidate for these applications. Thus, III-V Technologies like
GaN, InP and GaAs can be replaced with high speed Silicon based technologies to
meet performance requirements of applications. Contrary to III-V T/R modules
where all sub modules integrated discretely, SiGe BiCMOS technology will make
it possible to integrate control circuits in the same chip which is a necessity of a
fully-integrated T /R module.

In this thesis, system architectures for phased array T/R modules are investi-
gated and design procedure and measurement results of several blocks are presented
for the selected architecture. Especially, design steps with encountered problems are
discussed for one and two-stage power amplifiers. Finally, a three-element phased
array antenna is designed for a simple direction finding algorithm at 10 GHz.

Until now, three blocks are designed in addition to the power amplifier. These
blocks are T/R switch, SPDT switch and low noise amplifier. T/R switch achieves
3-4 dB insertion loss at X-Band with a power handling performance of 28.2 dBm
and isolation better than 23.2 dB. On the other hand, SPDT switch has lower
insertion loss than T /R switch which is between 1.8 and 2.25 dB at X-Band. Finally,
simulation results for two-stage low noise amplifier are given as; NF of 2.1 dB, more

than 20 dB gain. Except the insertion loss of the T/R switch, the designed blocks
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fulfill their requirements in the proposed T/R module.

Fundamentals of power amplifiers are discussed in Chapter 3. Power amplifier
classes are introduced and some design considerations such as output power, power
gain, efficiency, linearity and biasing are briefly covered. As the main focus of
this thesis, X-Band SiGe BiCMOS power amplifiers are presented. Power amplifier
requirement and challenges of achieving high output powers, specific to the selected
technology, are discussed. As a first trial, a one-stage power amplifier is designed
and measurement results are presented. The power amplifier achieves 8 dB gain with
14.8 dBm output power and 20 % drain efficiency. Problems of this power amplifier
are clarified and this important data is utilized in the second power amplifier. A
two-stage power amplifier is designed and measurement results are given. According
to these results, amplifier achieves a small-signal gain of 25 dB at X-Band with a
variation of 4 dB. Both input and output are matched to 50 € for system integration.
The maximum linear output power is 22 dBm (higher than 20 dBm in a 3 GHz
bandwidth) and maximum saturated output power is 23.2 dBm. The designed PA
achieves more than 25 % of PAE for 3 GHz bandwidth.

Lastly, a phased array antenna operating at X-Band is designed as a future work
for the proposed T/R module. Two phase shifters are used to form a three-element
circular antenna array on Rogers RT/duroid 5880 high frequency laminate. First
design without phase shifters achieves 6 dB gain due to losses of the unequal power
divider and substrate. Moreover, the antenna array with phase shifters can achieve

only 4 dB gain at 10.25 GHz due to losses of phase shifters.

6.2 Possible Future Work

The problems of the one-stage amplifier are already discussed in Chapter 4 and
the two-stage amplifier is designed according to these results. However, there are
still some problems of the two-stage amplifier like frequency shift and low frequency
stability. As discussed before, the center frequency of operation for the PA is 9
GHz rather than 10 GHz. To cover 8-12 GHz bandwidth, the center frequency will
be shifted to 10 GHz for the full T/R chip integration. Moreover, there are some
problems at very low frequencies like 100 MHz. At large input signals, there are

some signals observed at spectrum analyzer and the reasons of these are not truly
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understood yet. However, SMD capacitors and measurement setup are suspected
to be one of the reasons for this problem. The analysis and improvements will be
performed for the future integration.

For the next step, the design of the amplifier will be performed again, giving
special attention to the second stage and layout. Stability analysis will be one of
the most important criteria for this design. Because the small-signal simulation and
measurement results of the two-stage amplifier matches well, there will not be very
much doubt about frequency shifts and modeling problems.

The integration of the power amplifier with other blocks will be the final step of
the project. At the end, the fully-integrated T /R module will be measured and the

project will be concluded with the final report.
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A Appendix

In this section MATLAB code for generating Fig. 5 and Fig. 6 is given where
d is the element spacing, N is the number of elements and alpha is the incidence
of the angle desired. Also it is important to mention that this code is special to

uniformly weighted, equally spaced antenna arrays.

function PhasedArray(d,N,alpha)
M=500

k=2%*pi

deg=linspace(-90,90,M+1)
theta=(deg/180)*pi-pi/2
psi=k.*d.*cos(theta)+alpha*pi/180
AF=(sin(N*psi./2)./(N*sin(psi/2)))
plot(deg,10*log(abs(AF)),-b")

Possible inputs are

PhasedArray(0.5,4,0) for 0.5\ spaced 4 element array with 0° incidence angle
PhasedArray(1,8,60) for 1\ spaced 8 element array with 60° incidence angle
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B Appendix

function Phase(theta0,phi0,Nelem rad)

thetalow=0;

thetaup=180;

philow=0;

phiup=360;

disc=181;

MM=disc;

NN=disc;
theta=linspace(thetalow*pi/180,thetaup*pi/180,MM+1);
phi=linspace(philow*pi/180,phiup*pi/180,NN+1);
k=2%*pi;

dtor=pi/180;

AF=0;

arraya=zeros(1,Nelem);

for n=1:Nelem

phin(n)=2*pi*n/Nelem;
alpha(n)=-k.*rad.*sin(dtor.*theta0).*cos(dtor.*phi0-phin(n));
disp(alpha(n)/pi*180);

arraya(1,n)=alpha(n)/pi*180;

end

for n=2:1:Nelem
arraya(l,n)=(arraya(l,n)-arraya(1,1));

end
Possible inputs are

Phase(0,0,3,0.75) for 0.75\ spaced 3 element array, 8 = 0°, ¢ = 0°
Phase(20,120,3,0.75) for 0.75)\ spaced 3 element array, § = 20°, ¢ = 120°
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