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Abstract

Current phased array RADAR (RAdio Detection And Ranging) systems conven-
tionally employ transmit/receive (T/R) modules implemented in III-V technologies
(such as GaAs and InP) and their usage is mainly restricted to military applica-
tions. The next generation phased array systems require thousands of T/R modules
with lower cost, size and power consumption. Advances in SiGe BiCMOS process
technologies make it a viable option for next generation phased array systems, espe-
cially for commercial applications. In the light of these trends, this thesis presents
the design of a 4-bit SiGe X-band (8-12 GHz) passive phase shifter and the complete
SiGe X-band T/R module, realized in IHP 0.25-um SiGe BiCMOS process.

The phase shifter is based on switched filter topology, utilizing a low-pass II
network for phase shift state and isolated NMOS transistors are used for bypass
state. It is composed of 22°, 45° and 90° bits and the 180° bit is realized by cascading
two 90° bits. The return loss of each bit is better than 10 dB, the overall phase shifter
has an average of 14 dB insertion loss. Minimum RMS phase error of 3° is obtained
at 10.1 GHz. RMS phase error is better than 11° at 9.2-10.8 GHz band. The overall
phase shifter occupies 0.9 mm? area, has no DC power consumption and achieves
input-referred 1-dB compression point of 15 dBm.

The integration of a compact T/R module using the 4-bit phase shifter and
the previously developed building blocks such as low-noise amplifier (LNA), power
amplifier (PA) and single-pole double-throw (SPDT) switches is presented. The
developed SiGe X-band T /R module occupies only 4.9 mm? chip area. In 9-10 GHz
band T /R module achieves a measured gain of 10-11.5 dB in receiver mode and 10.7-
12 dB gain in transmitter mode. A minimum RMS phase error of 5° is achieved
at 9 GHz. Noise figure in receiver mode is measured between 4-6 dB while the
[TP3 is receive mode is measured as -10.5 dB. Output power at 1-dB compression in
transmit mode is 16 dBm. These parameters are achieved with a power consumption
of 285 mW.



X-band Faz Dizinleri icin SiGe BiCMOS 4-bit Faz Kaydiric1 ve
Alic1/Verici Modiilii

[lker Kalyoncu
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Tez Danigmani: Prof. Dr. Yagsar GURBUZ

Anahtar Kelimeler: Faz Dizinli RADAR, Faz Kaydirici, Alici/Verici Modiilii, SiGe
BiCMOS, X-Bandinda entegre devre.

Ozet

Giliniimiiziin faz dizinli radyo algilama ve menzil tayini (RADAR) sistemleri, ge-
leneksel olarak GaAs ve InP gibi ITI-V teknolojileriyle gelistirilen alici/verici (T/R)
modiilleriyle gerceklenir. Bu nedenle uygulama alanlar1 daha ¢ok askeri uygula-
malarla sinirhidir. Yeni nesil faz dizinli sistemler diigiik maliyetli, kiiciik alanl ve
az gli¢ harcayan binlerce alici/verici modiiliine gereksinim duymaktadir. SiGe BiC-
MOS teknolojisindeki ilerlemeler sayesinde bu teknoloji yeni nesil faz dizinli sistemler
i¢in, ozellikle de ticari uygulamalar i¢in gegerli bir opsiyon olarak ortaya ¢ikmigtir.
Bu trendlerin 1s1g1nda, bu tezde, IHP'nin 0.25 pm SiGe BiCMOS teknolojisi ile
gerceklenen ve X-bandinda (8-12 GHz) calisan 4-bit pasif faz kaydirici ve komple
tamamlanmig alici/verici modiiliintin tasarimi ve gergeklenmesi sunulmustur.

Faz kaydirici, anahtarlamali filtre topolojisine dayanmaktadir; algak bant gegiren
IT tipi stizgeg faz kaydirmak icin kullanilirken izole edilmis NMOS tranzistorler bu
siizgeci baypas etmek icin kullanilmistir. Faz kaydiricinin 22°, 45° ve 90° bloklar1 bu
topolojiyle tasarlanmig ve 180° blogu iki kademli 90° blogu olarak gerceklenmistir.
Tim bloklarin geri doniig kayb1 10 dB’den iyidir ve tiim faz kaydiricinin ortalama
ekleme kayb1 14 dB’dir. 3°’lik en diigiik RMS (etkin deger) faz hatas1 10.1 GHz'de
elde edilmistir. RMS faz hatasi1 9.2-10.8 GHz bandinda 11°'nin altindadir. Faz
kaydirici toplam 0.9 mm? kirmik alanmi kullamir, DC giic tiiketimi yoktur ve giris
1-dB sikisma giicii 15 dBm’dir.

4-bit faz kaydicir1 ve daha 6nce tasarlanan diigiik giirtiltiilii kuvvetlendirici (LNA),
yiiksek gii¢ kuvvetlendiricisi (PA) ve tek girig ¢ift ¢ikigh (SPDT) anahtar bloklarini
kullanarak tiim alic1/verici modiiliiniin entegrasyonunun gergeklegtirilmsi sunulmustur.
Geligtirilen SiGe X-band alic1/verici modiilii sadece 4.9 mm? kirmik alam kullanir.
9-10 GHz bandinda, modiiliin alict modundaki kazanci 10-11.5 dB ve verici modun-
daki kazanci 10.7-12 dB arasinda ol¢iilmiigtiir. 9 GHz frekansinda 5°’lik bir en diigiik
RMS faz hatasi olgiilmiistiir. Alict modundaki giiriilti sayis1 4-6 dB arasindadir.
Yine alici modunda, girige endeksli tigiincii derece harmonigin kesigim noktasi -10.5
dBm’dir. Verici modunda 1-dB sikigmig ¢ikig giicii 16 dBm olarak olctilmiigtiir. Bu

parametrelere 285 mW DC gii¢ tiikketimi ile ulagilmigtir.
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1 Introduction

1.1 A Brief History of Radar

Radar (RAdio Detection And Ranging) is one of rare technologies, the invention
of which cannot be easily attributed to a single scientist. Maxwell’s establishment
of electromagnetic theory, Hertz’s discovery of electromagnetic waves, Tesla’s ideas
and experiments on wireless communication and Marconi’s first long distance trans-
mission of radio frequency signals were the main significant steps toward the radar
technology. But, it was Christian Hulsmeyer’s development of the ”telemobiloscope”
in 1904, that set the mark as the first practical radar in history, which was intended
to be used for maritime traffic monitoring on poor weather conditions [6].

Due to its military applications, radars become popular during and after World
War II. Development of klystrons, magnetrons, horn antennas and parabolic reflec-
tors are followed by first mechanically steerable radar systems. Mechanical steer-
ing helps to increase the visible area of the radar, achieving hundred scans per
minute. With advances in every field of electronics engineering, mechanical steering
is replaced with electronically scanned arrays, more commonly known as ”phased

arrays”, achieving hundred scans per second [7].

1.2 Phased Array Radars

Even today, phased array radar technology is mainly driven by military applica-
tions such as missile guidance and defense, surface radars and satellite-based radars.
However, there are emerging civilian applications such as automotive radars, weather
monitoring and radio astronomy. Fig. 1 shows various phased array radar examples:
(a) AN/TPS-59 is a transportable air search radar and it does electronic steering
in altitude and mechanical steering in azimuth [8]. (b) AN/FPS-123 is a solid-state
phased array radar system (SSPARS) used for ballistic missile warning [9] (c) Active
phased array multifunction radar (APAR) has the capability of search-and-track of
low altitude and air targets as well as multiple missile guidance at the same time
[10]. (d) SKA (square kilometer array) used for radio astronomy [11]. (e) WSR-
88D Doppler weather radar [12]. (f) LRR3 automotive radar for driver assistance
systems [13].



(d)

Figure 1: Various military (a-c) and commercial (d-f) phased array radars

The advantage of a phased array over a conventional radar is its ability to steer
the beam without any mechanical systems. In this way, radar systems becomes more
reliable (mechanical errors are eliminated) and beam positioning becomes faster, so
higher scan rates are achieved. Phased arrays also provide multi-mode and multi-
target operation as well as increased data rates if they are used in a communication
application.

In phased arrays, spacial resolution depends on the number of radiating ele-
ments, unlike conventional radars. These radiating elements are generally followed
by transmit /receive (T /R) modules to control amplitude and phase of signal at each
radiating element. These modules are generally realized using separate GaAs or InP
monolithic microwave integrated circuits (MMIC) and they are widely used in mili-
tary applications. Their size and cost can pose a challenging problem for commercial
applications of phased arrays [14]. The future in phased array technology is to in-
tegrate as much RF front-end blocks as possible into a single solid-state chip, with

the ultimate goal of wafer scale phased arrays [15].
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Figure 2: Basic timed-array receiver blcok diagram.

1.3 Phased Array Operating Principles

1.3.1 Time Delay vs Phase Shift

Depending on the control mechanism, arrays can be split into two: Timed-arrays
(Fig. 2) and phased arrays (Fig.3). Now, let’s have a closer look at the operation
principles of these two systems.

Let’s assume a sinusoidal electromagnetic plane wave at frequency w and ampli-
tude A is incident on the antenna array at an angle of # to the normal direction.
The beam will experience a time delay of &0“9 between adjacent antennas, where d
is the spacing between antennas and c is the speed of light in free space. Then the

signal received by the i'" antenna can be written as,

dsin 6
S; (t) = Acos (wt —w(i—1) o ) (1)
c
These signals received by the antenna can be added up coherently by adjusting the
time delay elements in each receiver channel properly. In this case, the time delay
of the " receiver channel is set to (N — i)A7. So, the signal after the combiner

becomes,

c

_ éGA cos (wt Cwi— B v z’)Ar) (2)

where G is the receiver gain of a single channel. If the incremental time delay in

each channel is chosen as,
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Figure 3: Basic phased-array receiver blcok diagram.

then the combined signal becomes,

N

S(t) = ZGACOS (wt + wdsm&
i=1

Cc

1-m) ()

where the terms with dummy random variable ¢ cancel each other out, which implies
that with the value of AT = W the received signals are coherently added in 6
direction while incoherently added in other directions, resulting in a beam shape
shown in Fig. 2. So, by controlling the time delay in each receiver channel using
variable delay elements, the main beam direction can be controlled.

Actually, for a timed array, the incident signal does not have to be at a single
frequency, it may consists of many sinusoids at different frequencies. The time delay
experienced by the beam between antenna elements, given in (3) is independent of
signal frequency. This means that, if each receiver has time delay elements, then
all frequency components of the incident signal from 6 direction can be coherently
added. Therefore, timed array systems enables wideband operation.

However, time delay elements are hard to implement as integrated circuits, es-
pecially for silicon MMICs. Therefore, for narrowband systems, variable time delay

is approximated by variable phase shift. This is called the delay-phase approxima-
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Figure 4: Narrowband phase shift approximation for time delay

tion. In a phased array system, as shown in Fig. 3, the required phase shift in each

channel becomes (5), where A is the wavelength.

Ad = wAT :wdsmﬁ _ 27Tdsm@
c

(5)

In a phased array system, where each receiver channel includes variable phase
shifters instead of variable time delay elements, the instantaneous bandwidth of
the signal is limited. Theoretically, as shown in Fig. 4, a constant phase shift vs.
frequency means larger time delay at lower frequencies and smaller time delay at
higher frequencies. Therefore, phased array systems does not provide wideband
operation and can only be used in narrawband systems. Yet, phased arrays are
nowadays dominant over timed arrays and the reason is that integrated true time
delay elements are challenging and area consuming. For the rest of the thesis, phased

arrays will be focused.

1.3.2 Beam Steering and Array Factor

As stated in previous section, in a phased array, by adjusting the phase shift (and
amplitude if desired) in each receiver/transmitter channel, the main beam direction

can be steered. Eq. (5) can be rearranged as

A
0 = sin~! <%A¢) (6)

where 6 is the angle between main beam direction and the array normal (same as
in Fig. 2 and Fig. 3) and A¢ is the incremental phase shift between each channel.

So, at a given wavelength, the beam direction is only a function of spacing between



antenna elements and incremental phase shift in each channel. As the antenna
spacing gets larger, the beam width gets smaller, which increases the directivity of
the array. However increasing antenna spacing too much brings grating lobes which
makes the array more susceptible to interferer signals. Therefore, it is generally
chosen close to A/2 to achieve highest directivity without any grating lobes.

The radiation pattern of an array is the multiplication of antenna element factor

and array factor (AF) [16]. Normalized array factor of a N-element array is given as

N sin (%)

where ¢ = 27”d sin(f) + ¢. Fig. 5 shows the normalized array factor of a phased
arary with \/2 spacing between antennas for various number of elements. The main
beam is steered from 30° to 150° (or from § = —60° to § = +60°) with 15° steps. It
is seen that beamwidth is not only a function of antenna spacing but also number
of antennas and the beamwidth decreases as the number of elements are increased.
Also, the beamwidth is smallest for broadside (90° radiation angle or §# = 0°) and
increases as the beam is steered to the sides. So, in order to obtain a narrower beam
and therefore get a better spacial resolution, array size must be chosen as large as
possible. This aspect is one of the motivations for silicon based, small foot-print,
fully-integrated transmit /receive blocks that enables thousands of antenna elements

feasible.

1.3.3 Phased Array as a Receiver

A phased array does not only steer the beam by electronically controlling the
phase shift in each receiver/transmitter channel, it does more than that. Going
back to Eq. (4), it is seen that the voltages at the output of each receiver channel is
coherently added and the combined signal voltage is n times increased with respect
to a single channel, therefore the combined received signal power is increased n?

times. This observation can be rewritten as

Sout = n°G Sy (8)
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where S;, is the input power in each receiver channel, S,,; is the combined signal
power at receiver output, G is the power gain of each receiver channel and n is the
number of channels or antenna elements.

Assuming noise contributions of different receiver channels are uncorrelated, their
signal powers (not voltages) are added at the receiver output, which can be written

as

Nout =nG (Nant + Nrec) (9)

where N,,; is the combined noise power at the receiver output, N, is the noise
power feeding from antenna and N,.. is the noise power added by each receiver
channel. Comparing (8) and (9) shows that, output SNR of a phased array linearly
scales with number of antenna elements, n. For a thousand element phased array,
an SNR improvement of 101log(1000) = 30 dB can be achieved with respect to a
single receiver channel.

Furthermore, a phased array receiver can be used for nulling out interferences in
the environment by adjusting phase and especially weighting amplitudes of signals
received from each receiver channel so that beam nulls point at the direction of
interference [17]. With these advantages, phased arrays provide improved sensitivity

in receiver end.

1.3.4 Phased Array as a Transmitter

The coherent addition of signals in phased arrays not only directs the beam in
a desired direction but also increases the radiated power in the main beam direc-
tion [18]. Assuming each antenna radiates P watt power in all directions (antenna
element pattern is omitted), the effective isotropic radiated power (EIRP) of an N-
element phased array in the main beam direction becomes N2P watt. So, there is
a 20log(N) dB improvement in radiated power for a phased array transmitter with
respect to a single transmitter channel. Hence, in order to achieve high radiated
powers, a large number of moderate power transmitters can be used instead of a
single, large power amplifier. This property of phased array transmitters are espe-
cially useful in silicon based phased arrays where the available output power from

power amplifiers are limited with low breakdown voltage devices.
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1.4 Phased Array Architectures
1.4.1 Passive vs. Active Arrays

Phased array systems can be split into to two categories depending on the feeding
of antenna elements: Passive and active.

Passive phased arrays (Fig. 6.a) consist of a very high power PA (power am-
plifier) in transmit mode and very high performance LNA (low noise amplifier) in
receive mode, connected to multiple phase shifting and radiating elements through a
circulator. In this architecture, phase shifting and radiating elements are all passive.
Very high power requirements of such systems are met with klystrons, magnetrons,
traveling wave tube devices etc. In such passive arrays, a single PA can be connected
either to whole array or some sub-array of the whole array [19].

Active phased array approach is shown in Fig. 6.b. In this case, each antenna



element is followed by an active transmit/receive (T/R) module. Each T/R mod-
ule internally contains its own PA, LNA, phase shifter and switches. Active array
approach offers some advantages over its passive counterpart. First, passive ar-
rays are more prone to device failures. Since a single PA (or LNA) is connected
to multiple radiators, any possible failure of a single device during operation may
cause significant number of radiators to become useless, which degrades the phased
array performance significantly. In active array approach, a failure in one of the
T/R module causes only single radiator element to become non-functional and its
effect on the whole array performance may be negligible if the number of antenna
elements are large enough. Second, in passive array approach, antenna elements are
preceded by phase shifters, beamformer and switching networks, before the LNA.
These blocks introduce unavoidable losses before LNA in receive mode and after
PA in transmit mode, which eventually degrades noise figure and sensitivity of the
array in the receive mode and total radiated power in transmit mode. Additionally,
active phased arrays do not require very high power vacuum tube devices. These
devices can be replaced with moderate power solid state electronic circuits in active

phased arrays.

1.4.2 Phase Shifting Methods

Phased array systems can also be categorizes according to how the phase shifting
functionality is realized. In this respect, there are four main phased array architec-
tures: RF phase shifting, IF phase shifting, LO phase shifting and digital beam
forming.

Fig. 7.a show RF phase shifting approach (or All-RF phased array architecture)
which has been the most dominant approach since it is the most compact architec-
ture. It employs a single mixer after the RF combiner, therefore does not require
an LO distribution network. Also, the combining point is in RF domain in this
architecture and the combined signal before the downconversion mixer has a high
pattern directivity. Therefore, strong inband interferences at the direction of beam
nulls are easily canceled /rejected in RF phase shifting approach. This feature helps
to alleviate dynamic range requirements of mixer and following blocks. A challenge

in all-RF architecture is the RF phase shifters. Passive phase shifter MMICs are
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generally lossy and active phase shifters must be designed with sufficient linearity,
otherwise interference rejection advantage of all-RF architecture will be lost [20].

Although phase shifters can be realized in IF stage (Fig. 7.b), it has no practical
advantage over all-RF architecture. Passive component values are inversely propor-
tional with frequency, so IF phase shifters require larger area. This architecture
also employs individual mixers for each antenna element, therefore has significantly
larger power consumption.

LO phase shifting approach (Fig. 7.c) also requires separate mixers for each

channel, but its advantage is that phase shifters are removed from RF signal path.



Phase shifters that are used in all-RF architectures can be directly used in LO paths,
plus the parameters such as loss, linearity and noise figure of phase shifters are no
longer any concern. Yet, there are some challenges in LO phase shifting approach.
Inband interference cancellation occurs only after signal combining, which in this
case happens to be after downconversion mixers. Therefore, mixers must provide
sufficient dynamic range, which means a higher power consumption. Another chal-
lenge of both IF and LO phase shifting architectures is that they both require LO
distribution networks, which means a more complex system and layout, especially
for large arrays [21].

Finally, in digital beam forming approach (Fig. 7.d), phase shifters are totally
removed from analog signal chain and phase shifting is performed in digital domain.
This method also suffers from interference rejection same as IF and LO phase shifting
architectures and requires high dynamic range mixers and ADCs. Due to the usage of
separate ADCs for each antenna element, it has the highest power consumption. Yet,
despite all these disadvantages, digital beam forming enables a variety of complex
signal processing using a digital signal processor (DSPs). In this way, large number

of beams can be simultaneously synthesized [22].

1.5 All RF Transmit/Receive Module

The performance of active electronically scanned phased arrays (AESA) strongly
depends on the performance of transmit/receive (T/R) modules. Typical building
blocks of an all-RF T/R module are low noise amplifier (LNA), power amplifier
(PA), single-pole double-throw switches (SPDT), phase shifters (PS), variable gain
amplifiers (VGA) and attenuators.

Fig. 8 shows different system level architectures for all-RF T/R modules. Fig.
8.a shows the most trivial architecture where transmit and receive paths are totally
isolated and these paths are routed to antenna by ay a T/R switch (could be a
circulator as well but they are hard to implement on-chip). In this architecture,
phase shifters can be active or passive, and VGAs can be employed if necessary.
The use of multiple PS and VGA in this T/R module architecture can be overcome
by sharing PS and VGA in transmit and receive modes, as shown in Fig. 8.b. In

this architecture PS and VGA must be bidirectional, which necessitates the use
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Figure 8: Several system level architectures for RF transmit/receive modules

of a passive phase shifter and an attenuator instead of a VGA. However, in this
architecture LNA and PA gain requirements are more strict, since they have to
compensate for losses introduces by PS, attenuator and additional SPDT switches.

The loop constructed by T/R switch, LNA, SPDT and PA in Fig. 8.b can pose
oscillation problems if T/R switch and SPDT switch isolation is not enough. This
problem can be solved by the T/R module architecture shown in Fig. 8.c. Also an
active PS and VGA (instead of an attenuator) can be used in this architecture, since
they no longer have to be bidirectional.

Performance of a radar system can be compared by maximum radar range Ry;4x
which is the longest distance the radar can successfully perform search and track

functionality. Well known radar equation is given in [16] as

13



p, = pGd (10)
(4m)” R

where P, is the received signal power, P; is the transmitted power, G; is the trans-
mitter antenna gain, A, is the effective aperture of receiving antenna, ¢ is the radar
cross-section of the target and R is the distance between the target and the ar-
ray. In a phased array, transmitted power linearly scales with number of antenna
elements N. In other words, P, 4rqy = NP, where P, is the power transmitted
from a single element. The same is true for antenna gain and antenna aperture (i.e.

Giarray = NGy and Ay gy = NA;) and the relation between antenna gain and

antenna aperture is given as

G=— (11)

Assuming transmitting and receiving arrays are the same, maximum radar range
Ryrax can be found from (10), by substituting P, with P,,;, (minimum detectable

signal) and R with Rj;4x, and it is found as

JNP,(NA)* 0 /N3P, A20

From (12) it can be seen that the largest improvement in maximum radar range

is not due to transmit power of a single element P, or antenna aperture A;, but the
number of antenna elements N. A direct corollary of this is that a given maximum
radar range can be achieved by a lower P; by slightly increasing the number of
radiating elements. This nuance is the motivation for active electronically scanned
phased array radars consisting of thousands of fully integrated, single chip T/R

modules, which will dramatically reduce the overall cost.

1.6 SiGe BiCMOS Technology

T/R modules for phased array applications have been usually implemented in
ITI-V technologies, such as GaAs and InP. With the recent advances in SiGe bipolar
complementary metal oxide semiconductor (SiGe BiCMOS) technologies, today it

is possible to develop single chip T/R modules for microwave and millimeter wave
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Figure 9: Energy band diagram of a Si BJT vs. SiGe HBT [1]

applications. Heterojunction bipolar transistors (HBT) in state-of-the-art SiGe pro-
cesses have matched their I1I-V counterparts in terms of speed and performance.
SiGe HBT technology utilizes bandgap engineering in the base of bipolar tran-
sistors. In this technology, base of bipolar transistors are epitaxially grown SiGe
alloys. Ge has a bandgap of 0.66 eV compared to 1.12 eV bandgap of silicon. In
this way, electron injection is increased and this produces a higher current gain, [3.
Also, the Ge content at the base is graded, as shown in Fig. 9, which generates
a built-in electric field, accelerating minority carriers in the base region, therefore
reducing base transit time, 7,. Addition of graded Ge doping in base significantly
improves high frequency performance of HBTs. This improvement can be seen in
1 1 -
fr= 5 (n, + 7.+ . (Cr +Cu) + (re +1¢) Cu> (13)
where fr is the cutoff frequency (frequency at wheih current gain 8 becomes unity),
7. is the transit time in collector region, g,, is the transconductance, C; and C), are
BE and BC junction capacitances, r. and . are emitter and collector resistances [5].
fr is increased via 7, and g,,,. Maximum oscillation frequency, firax, (frequency at
which power gain becomes unity), is another important performance metric which

is given as
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fr
871'0“7“1,

fuax = (14)

where 7}, is intrinsic base resistance. In a normal Si BJT, increasing base doping
reduces 1y, but it reduces current gain as well. However, by adjusting Ge grading
at the base, higher base doping can be achieved in SiGe HBT, without worsening
the current gain. So, ry is effectively reduced in SiGe HBTSs, resulting in improved
noise performance. By introducing graded Ge doping in base region, all important
high frequency performance parameters such as 3, 7, fr, farax and r is improved.
Fig. 10 shows reported fr and fyrax values for different SiGe HBT technologies.
Improved RF performance of SiGe HBT is crucial for T /R module performance,
but its real advantage over its III-V counterparts is the integration potential with
CMOS. SiGe BiCMOS offers competitive RF performance with III-V technologies,
and at the same time, benefits from yield, cost and manufacturing advantage of
silicon CMOS fabrication. Digital baseband and RF front-end blocks can be easily
integrated in SiGe BiCMOS. A comparison between SiGe HBTs with alternative
technologies are presented in Table 2. The device performance parameters for IHP
SiGe BiCMOS technology that is used in this work is presented in Table 2.
Extreme performance phased arrays required by military applications will be

still realized in III-V. Although SiGe can be used for some military applications
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Table 1: Relative performance comparison of different IC technologies (Excel-
lent: ++; Very Good: +; Good: 0; Fain: —; Poor: — —) [5]

Performance SiGe | SiGe Si -V [r-v | III-vV
Metric HBT | BJT | CMOS | MESFET | HBT | HEMT
Frequency Response + 0 0 + 4 4
1/f and Phase Noise | ++ + — - 0 -
Broadband Noise + 0 0 + + 44
Linearity + + + ++ + ++
Output Conductance | ++ + — - 4+ _
Transconductance ++ | ++ - = - ++ —
Power Dissipation ++ + - - + 0
CMOS Integration ++ | ++ N/A _ o _
IC cost 0 0 + _ _ o

Table 2: SiGe HBT performance parameters for IHP 0.25-ym HBTs (SG25H3)

peak fr 110 GHz
peak firax 180 GHz
peak 150
Jo @ peak fr | 6.5 mA/um?
BVero 22V

as well, its main dominance is the commercial applications such as short range
vehicular radars, weather radars, RFIDs, satellite communications, short range in-
door communications, radio astronomy and even biomedical applications. In short,
SiGe BiCMOS technology is a good candidate for low-cost, light-weight, fully in-
tegrated T/R modules and system-on-chip solutions for microwave and millimeter

wave pahsed array applications.

1.7 Motivation

As stated in previous sections, there are many military and civilian applications
of fully integrated T /R modules at different frequency bands. Low frequencies (be-
low 5 GHz) are not well suited for integrated T/R module solutions, since the area
dominated by passive components (especially inductors) is inversely proportional
with frequency. Current phased array T/R modules in III-V technologies at X-band
(8-12 GHz) and beyond has relatively high cost, size, weight and power consump-
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Figure 11: SiGe X-band all-RF T /R module block diagram and component spec-
ifications

tion. These are the limitations for next generation phased array T/R modules to be
used in military and commercial applications.

The objective of this thesis is to develop an X-band (8-12 GHz) fully integrated
all-RF T/R module, as shown in Fig. 11, using SiGe BiCMOS technology that
will overcome the limitations mentioned above. On top of the previously developed
building blocks, this thesis aims to present the design and measurements of a 4-
bit X-band passive phase shifter and realization of the complete T/R module chip
in ITHP 0.25-pym SiGe BiCMOS process. Further discussion about T/R module

specifications are given in Chapter 4.

1.8 Organization

The thesis is organized as follows.
Chapter 2 introduces phase shifter fundamentals ans different approaches for RF

phase shifting. A comparative analysis between different phase shifter topologies are
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presented. It is shown that switched filter topology offers the best trade-off between,
insertion loss, area and RMS phase error.

Chapter 3 includes investigation of quantization loss of passive phase shifters
on the array performance. Later on, the design approach and implementation of
4-bit switched filter passive phase shifter is presented. Simulation and measurement
results are also presented in this chapter.

Chapter 4 starts with system level discussion of X-band T/R module and com-
ponent specifications. The measured results of the previously developed blocks,
namely SPDT switch, LNA and PA are presented. Later on, the integration and
measurement of complete SiGe X-band T /R module is presented and compared with
similar works in literature.

Chapter 5 concludes the thesis with some additional discussion on the prob-
lems encountered throughout the thesis and provides information on possible future

studies.
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2 Phase Shifter Fundamentals

In this section, fundamentals of phase shifters will be covered with an emphasis
on their integrated circuit implementations. The section starts with categorizing
phase shifters in terms of different perspectives, then continues with the performance
metrics of phase shifters and concluded with a comparison of different phase shifter
topologies.

Phase shifter is simply a circuit block that changes the transmission phase, £S5,
of a signal in a controlled way. A phase shifter has a 360° control over the phase of

the signal. To shift the phase more than 360°, time delay elements are used.

2.1 Analog vs. Digital Phase Shifter

Analog phase shifter provide continuous phase shift from 0° to 360°. They are
mostly controlled by a voltage and, for example, can be realized by varactor diodes.
On the other hand, digital phase shifters cover the same range in discrete steps. A
digital phase shifter is composed of several "bits”. Each bit provides a desired phase
shift between its "ON” and "OFF” state. The bit that provides the largest phase
shift is called MSB (most significant bit) and the lowest bit is called LSB (least
significant bit). An N bit phse shifter covers the 0° to 360° range in 360°/2" steps.
So, a 3-bit phase shifter has an LSB of 45°, 4-bit phase shifter has an LSB of 22.5°,
5-bit phase shifter has an LSB of 11.25° and so on. Digital phase shifters are more
common since they are immune to noise from control voltage lines, unlike analog

phase shifters [23].

2.2 Active vs. Passive Phase Shifter

Simply, an active phase shifter provides gain while a passive phase shifter intro-
duces attenuation. Both has advantages and disadvantages. Passive phase shifters
are lossy. So, the loss of passive phase shifters are almost always compensated by
amplifiers in the next stage, which brings additional power consumption. Active
phase shifter merges amplification and phase shifting together, to end up at a lower
power consumption overall. However, they generally suffer from low linearity. Pas-

sive phase shifters have higher linearity due to their intrinsic losses, however they

20



suffer from higher noise figure. Yet, passive phase shifters are more common, mainly
because they are "reciprocal”, unlike active phase shifters. This comes in handy for

system level integrations.

2.3 Performance Metrics

All common RF performance parameters such as insertion loss, return loss, noise
figure, linearity and general IC performance metrics such as power consumption,
chip area etc. are same for phase shifters as well. Here, we are going to focus on

performance metrics specific to phase shifters.

2.3.1 RMS Phase Error

For a phase shifter, there is always some error between the desired phase shift
and the obtained phase shift. These errors are different for each phase state and
vary with frequency. A method to describe these errors is to calculate their root-

mean-square as,

S (Aga(w))’

RMS Phase Error (w) = \| 2= & (15)

where A¢,, denotes the error between the desired and obtained phase shifts for the
n™ phase state. RMS phase error is minimum at center frequency and increases for

for higher and lower frequencies.

2.3.2 RMS Gain Error

An ideal phase shifter only changes £S5 and does not affect |Sy;|. However, this
is not so in practice. There is a deviation in phase shifters’ gain (or loss) for different
phase states. RMS gain error (or RMS amplitude error) describes the deviation of

gain of different phase states from the average gain, which is given as,

N

> (A4, ()

RMS Gain Error (w) = \| 2= I (16)
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Figure 12: Switched-line phase shifter [3]

In this case, AA, denotes the error between the amplitude of the n”* state and

the average amplitude.

2.3.3 Effective Number of Bits

An N bit phase shifter may physically consist of N bits. However, its effective
number of bits is defined in regard to its RMS phase error. To have N bit operation,
in other words, to have N effective number of bits, the RMS phase error must be
lower than LSB/2 for that specific N. For example, to achieve a 4-bit operation
(22.5° step size), RMS phase error must be lower than 11.25.

This definition of effective number of bits is actually used for determining the
useful bandwidth of the phase shifter. In other words, a phase shifter achieves N bit
operation in the frequency band where its RMS phase error is less than its LSB/2.

2.4 Phase Shifter Topologies

There can be more deeper categorization of phase shifter topologies, most com-
mon RF-path phase shifters can be grouped into five main categories: Switched line,
loaded line, reflection type, switched filter and vector modulator.

2.4.1 Switched-Line
Switched-line phase shifter is the most natural approach for phase shifting (Fig.

12). Actually it operates as a true time delay element and the delay is determined

22



out

Figure 13: Loaded-line phase shifter [3]

by the difference of the two path lengths. Theoretically this would be the best
option since it would allow wideband operation. However, there are practical limits.
The use of two SPDT switches per bit increases insertion loss. Paths with different
lengths has different attenuations, causing amplitude errors. The requirement of

using long transmission lines and coupling between them are disadvantage as well.

2.4.2 Loaded-Line Phase Shifter

In this approach, instead of changing transmission line lengths, the line charac-
teristics are changed by loading the line appropriately (Fig. 13). It features smaller
area than switched line approach, but its main disadvantage is that the return loss
strongly depends on phase shift, allowing only small phase shifts to be realized. Also

dependence of \/4 lines makes it a narrowband solution.

2.4.3 Reflection Type Phase Shifter

The common element of reflective type phase shifter (RTPS), as shown in Fig.
14, is coupler. It can be a 90° hybrid or a 1800 rat-race coupler or even a circulator.
Two ports of the coupler is used as RF input and output, while the other port(s) are
terminated with variable loads. They can be tunable passives or diodes. Phase shift
is obtained by tuning the loads. In this sense, RTPS is an analog type phase shifter,
but it can be used as a digital phase shifter as well, if the load network consists of
digitally controlled FETSs instead of varactors. For on-chip applications, the coupler

part can be implemented using lumped LC networks to obtain smaller chip area at
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Figure 14: Reflection type phase shifter [4]

lower frequencies, making it a more suitable solution for on-chip applications than
previous two phase shifters. Yet, transmission lines are preferred for mm-waves.
The lossy couplers are a disadvantage for this topology but input/output ports are
better matched than its alternatives due to the high isolation between the coupler

ports.

2.4.4 Switched Filter

Switched filter phase shifter can be considered as a subset of switched line ap-
praoch, where LC filters are used instead of transmission lines. Fig. 15 shows
high-pass/low-pass phase shifter, in which the signal path is switched between high-
pass and low-pass I[I-networks. A high-pass or low-pass, II- or T-network can provide
up to 90° phase shift at a center frequency wy while being matched to Z, [ref. ver].
(Analysis for low-pass [I-network is provided in the next section). In this way, high-
pass/low-pass topology can provide up to 180° phase shift. Also, it provides near
an octave bandwidth, much more than its previous alternatives. This is due to that
the phase vs. frequency slopes of two filters are almost parallel around the center
frequency.

This topology requires two SPDTs. For discrete phase shifters or for the applica-
tion where MEMS switches are feasible, this topology would be no brainer. However,

for CMOS and BiCMOS technologies, due to the lack of very low insertion loss RF
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Figure 16: By-pass/Low-pass phase shifter [4]

switches, high-pass/low-pass topology must be modified to achieve lower insertion
loss. In this context, Fig. 16 shows an alternative topology, where high-pass filter
section is replaced with a by-pass section, making it a by-pass/low-pass topology.
Although this topology can generate only up to 90° phase shift and can provide only
narrowband operation, the realization of each bit with only a single series switch is
an advantage. Also, this topology requires less chip area due to reduced number of

inductors.

2.4.5 Vector Modulator

The previous topologies were all passive, reciprocal and they control only the
phase of the signal. They also tend to be lossy and require large chip area in general

due to use of many passive devices (especially inductors). Vector modulation scheme
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has a very different operating principle, as shwon in Fig. 17. First, the input signal
is decomposed into its in-phase (I) and quadrature-phase (Q) parts such that there is
90° phase difference between them. This part can be realized by hybrid couplers or
all-pass RLC filters etc. Then by properly setting the gain of each VGA and adding
the output signals, one can generate all the phases in between I and Q signals. This
provides 90° phase control. By changing the sign of the gain of VGAs (can be easily
done in a differential system) whole 360° phase control is achieved. RMS phase error
of this topology mainly depends on the calibration of DACs that are used to supply

required control votlages to VGAs, as well as generation of I and Q signals.

2.5 Quantization Loss and Number of Bits

As emphasized in the previous pages, digital phase shifters are generally pre-
ferred over analog phase shifters due to their immunity to noise coming from control
voltages and due to much simpler control mechanism and lower power consumption
in general. However, the digital phase shifters can affect the performance of the

array they are used in. In an ideal phased array, all radiating elements are excited

Table 3: Phase Quantization Example

Antenna Number | Desired Phase (deg) | 4-Bit Quantized Phase (deg)

1 0.0 0

2 61.6 67.5
3 123.1 112.5
4 184.7 180
5 246.3 247.5
6 307.8 315
7 369.4 (=0.4) 0

8 431.0 (=70.9) 67.5
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with a linear incremental phase taper of ¢ if the desired beam direction is 6 as
given in (5). For instance in an 8-element, d=\/2 spacing array, to steer the beam
in #=20° direction, a phase taper of ¢»=61.6° must be applied to the array. These
phases are quantized according to a 4-bit digital phase shifter as seen in Table. 3,
i.e. phases are rounded to nearest phases state of a 4-bit representation. Those
inaccurate phases introduced to the radiating elements cause some degradation in
directivity of the beam and its direction. This degradation is called quantization
loss. Fig. 18 shows a detailed simulation result analyzing the quantization loss. A
100-element array with A/2 spacing is compared under continuous (ideal) phase shift
and 1-bit to 5-bit digital phase shift, while beam is scanned with 1° steps. Results

show that quantization loss is negligible after 4-bits.
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Figure 18: Comparison between continuous phase shift and discrete phase shift,
displaying quantization loss. Figures show normalized array factors
of a linear array with N=100 elements and A/2 spacing, using (a) 1-
bit (b) 2-bit (c) 3-bit (d) 4-bit (e) 5-bit digital phase shifting. Quan-
tization loss is negligible after 4-bits.
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3 A 4-bit X-band Switched Filter Phase Shifter
in SiGe BiCMOS

Up to now, phased arrays and T/R modules are introduced in Chapter 1 and
phase shifters are briefly discussed in Chapter 2. This chapter will focus on the

design, analysis and results of a 4-bit X-band switched filter phase shifter.

3.1 Phase Shifter Requirements

Phase shifter is probably the most important building block of the T/R module
(Fig. 41). The capability to correctly adjust the phases are crucial for beam scanning
performance of the array, so minimum RMS phase error is required. On top that, in
order not to degrade receiver sensitivity or transmitter output power, phase shifter
must be low loss. In order to realize an X-band T/R module with a very small chip
area (< 5 mm?), a phase shifter topology with small chip area must be chosen. Also,
non-ideal RF switches at BICMOS technologies must be taken into account while
choosing the optimum topology. In this sense, and in the light of the discussion in
Chapter 2, switched-filter (bypass-lowpass) topology is chosen to realize the phase
shifter. It is shown in the previous chapter that less than 4 bit operation for a phase
shifter causes quantization loss. Although using higher number of bits improves

spacial resolution, it also increases the phase shifter loss and T/R module noise

‘D;ﬂ\' SPDT

LNA
TIR

Switch

@ S Llemx
—»— RX

VVGA

% A\% SPDT
\l

ANT —

Figure 19: System diagram of a T/R module
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Figure 20: Schematic view of Il-type low pass filter

figure. So, 4-bit is chosen as the optimum number.

3.2 Low-Pass Il Network

Before going any further, let’s analyze the low-pass Il network shown in Fig. 20.
Since this is a symmetric structure, it can be separated it into two, as shown in Fig.

21. The impedance seen looking into each symmetric side, Z,4 is given as,

Jjwl 1 JwL  Zy (1 — jwZyC)
4T +( o ij) > T Titerzice (17)

This network will be used as a phase shifter, which implies that its input and
output must be matched to 50 €2. This further implies that imaginary part of Z4

must be zero, otherwise the two sides will not be matched to each other.

wL wZzC
miZat =5~ 15272 =0 (18)
L Z2C (19)

2 1+ w2Z2C?

The transfer function H(w) of the half network in Fig. 21 can be written as,

I L), o

N 1 jwL
Zo || — | + =
< ol ij) + 2
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Figure 21: Decomposition of II-type low-pass filter into two symmetric circuits

Combining (19) and (20) gives,

ZO (1 — j(JJZOC)
1+ w?2Z2C?

Hw) = 21
W) = A om0) joZic (21)
14+ w?2Z2C? 1+ w?2Z2C?
which is simplified to,
H(w) =1-jwZ,C (22)

Since this is the transfer function of the half circuit and assuming the overall

low-pass Il network provides a phase shift of ¢, we can find the required value of C'

as,
/H(w) = g = tan"" (wZ,O) (23)
tan(¢/2)
P ) 24
7 (24)
Inserting (24) into (19) and with some little trigonometry, the value of L can be
found as,
72 tan(¢/2)
L 7wz (25)
P
2 1+w22§tan (¢2/2)
w?Z§
wL 2tan(¢/2) _
R A 2
Zo " Trtani(ga) ~ Sn@) (26)
7
I — 0 SIH(QS) (27)
w
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Figure 22: Switched filter phase shifter topology

Using (24) and (27), capacitance and inductance values can be obtained for any

given phase shift of 0° < ¢ < 90° and vice versa.

3.3 Circuit Design

Circuit schematic of the switched filter phase shifter topology is presented in Fig.
22. It is based on a low-pass Il network and isolated NMOS transistors are used for
switching purposes. The circuit operates as follows: When M; transistor is OFF
and M is ON, the inductor Lg and the capacitors C), construct the low-pass filter
and the circuit operates in “phase shift” mode. When M; transistor is ON and M,
transistor is OFF, the low-pass network is bypassed by Mj, so the circuit operates in
“bypass” mode. In order to remove any signal coupling to ground in bypass mode
via the OFF-capacitance of My, a shunt inductor Lp is introduced such that it
resonates out the OFF-capacitance of M. 22.5°, 45° and 90° bits are implemented
with this topology. For 180° bit, two 90° bits are cascaded, since this topology cam
provide up to 90° phase shift only. In this way, RF signal path includes only 5 series
NMOS transistors, when compared to 8 MOSFETs in a 4-bit high-pass/low-pass
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Figure 23: (a) ON-state (b) OFF-state equivalent circuit models of an NMOS
transistor and (c) crossection of a typical isolated NMOS transistor.

topology, which would exhibit a better insertion loss.

1

Lp=
CUQCOff

(28)

For switching purposes, the isolated NMOS transistors offerd by IHP 0.25-um
BiCMOS technology is used. Fig. 23 shows crossection of a typical isolated NMOS
device. Using these devices, body terminals are connected to ground via large resis-
tances (20 kQ2). In this way, insertion loss due to capacitive coupling to substrate is
reduced.

Fig. 23 also shows the electrical equivalent circuits for an isolated NMOS device
with gate and body floating. Inserting these models into Fig. ?? and also including
the parasitic resistances of inductors, the equivalent circuits for the switched filter
phase shifter in “phase shift mode” and “bypass mode” is shown in Fig. 24. Table.
4 shows the electrical model parameters for NMOS switches.

A typical design starts with determining ideal component values for a desired
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mode and (b) bypass mode, including inductor parasitics

Table 4: Simplified electrical switch models derived from simulations

’ Transistor Width \ 40-pum \ 100-pm \ 200-pm ‘

Ron 2350 95Q | 490
Rofs 60 kQ | 200 kQ | 400 kQ
Con = Coys 35 fF | 85fF | 170 [F

Table 5: Calculated component values vs. Component values used in the design

Lg Cp Lp M,y M,y
22°-bit (Calc.) | 300 pH | 63 fF - - -
45°-bit (Calc.) | 560 pl | 132 fF | - - -
00°-bit (Calc.) | 795 pH | 320 fF | - -
22°-bit (Design) | 280 pH | 75 fF | 2.5 nH | 100 pgm | 100 pm
45°-bit (Design) | 420 pH | 145 fF | 2.2 nH | 100 pgm | 100 pm
90°-bit (Design) | 700 pH | 335 fF | 1.1 nH | 40 pm | 200 pm
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phase error, insertion loss and return loss, as shown in Table 5.

phase shift using (24) and (27). After that, switches are introduced and component

values of the low-pass network are readjusted to achieve the best trade-off between

Normally, increasing the transistor width of M; reduces the insertion loss, but
only to some extent. The reason is that, the increased capacitance of the MOS
transistor becomes no longer negligible with respect to the low pass filter response.

In this case, value of Lg and Cp can be readjusted but with this method, either




Figure 25: Chip photo of the fabricated 4-bit SiGe X-band passive phase shifter.

correct phase shift or 50 {2 matching can be achieved, not both.

Few remarks about the design: The amount of phase shift in “phase shift mode”
does not change with R,,. It is only a function of Lg, Cp and C,rr. Also due to
the high quality factor of inductors, their series resistances does not affect the phase

response in either mode of operation. They only slightly affect the insertion losses.

3.4 Measurements

The designed X-band phase shifter is fabricated using a high performance 0.25-
pm SiGe BiCMOS process (SG25H3), offered by IHP Microelectronics. The fabri-
cated chip is shown in Fig. 25. Total chip area is 0.8 x 2.3 um?. In this version,
each bit is fabricated in a standalone manner, to see the performance of each block
separately, while a complete phase shifter is integrated into the T/R module (see
next chapter for details). The blocks in the figure from left to right are 22°, 45°, 90°
and 180° bits. The 180° block is cascaded by slightly modified two 90°-bits. Phase
shifter bits are connected to RF pads via custom designed 50 €2 microstrip trans-
mission lines. Pad-to-pad S-parameter measurements are performed using Agilent

8720ES network analyzer.

3.4.1 Return Loss

Since the phase shifters are reciprocal, their Si; is equal to Ss. So, only one
of them is given. Return loss of 22°-bit (Fig. 26) shows good agreement between
simulation and measurement for phase shift mode while not that good agreement

for bypass mode. Still, they are better than 15 dB at X-band (8-12 GHz). Measured
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Figure 26: Simulated and measured return losses of 22.5° bit in both phase shift
and bypass modes.
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Figure 27: Simulated and measured return losses of 45° bit in both phase shift
and bypass modes.
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Figure 28: Simulated and measured return losses of 90° bit in both phase shift
and bypass modes.
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Figure 29: Simulated and measured return losses of 180° bit in both phase shift
and bypass modes.
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Figure 30: Simulated and measured insertion losses of 22.5° bit in both phase
shift and bypass modes.

return losses of the 45°-bit is better than 10 dB almost in 7-14 GHz range as shown
in Fig. 27. Fig. 28 shows that the 90°-bit has good agreement between simulation
and measurements and they are just better 10 dB at X-band. The 180°-bit has a
similar result to the 90°, and its return losses are better than 10 dB for most of
X-band frequencies as shown in Fig. 29. In short, return losses of all bits are better

than either 10 or 15 dB across X-band.

3.4.2 Insertion Loss

There is a constant offset between insertion loss simulation and measurements.
For the 22°-bit, measured insertion loss is in 1-2 dB range at X-band as shown in
Fig. 30, while Fig. 31 shows that the 45°-bit has a 2-3 dB insertion loss across
X-band frequencies. Although measured results are nearly double of the simulated
values, up to 3 dB insertion loss is acceptable. The 90°-bit, as shown in Fig. 32, has
a measured insertion loss of 2.2-4.2 dB at X-band for phase shift mode. In b bypass
mode, however, it is around 4 dB only between 9-10.5 GHz range. A similar picture

is shown in Fig. 33. The 180°-bit has an insertion loss of 3.7-7.0 dB in phase shift
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Figure 31: Simulated and measured insertion losses of 45° bit in both phase shift

and bypass modes.

0 - .

S21 (dB)

Measured

9

Simulated

6F
—A— 90 (Meas)
=0=90B (Meas)
8r 90 (Sim)
90B (Sim)
-10 2 1 1 1
8 9 10 11

Frequency (GHz)

Figure 32: Simulated and measured insertion losses of 90° bit in both phase shift

and bypass modes.
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Figure 33: Simulated and measured insertion losses of 180° bit in both phase
shift and bypass modes.
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Figure 34: Extrapolated insertion losses of the 4-bit phase shifter from the mea-
surements of standalone phase shifter bits.
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mode and 7.5-9.5 dB in bypass mode.

Fig. 34 shows the overall insertion losses of all the bits combined, extrapolated
from the measured results of standalone bits. The average insertion loss is 14 dB at
10 GHz. The biggest variation occurs at 8 GHz. The figure also shows that there are
four clusters with similar return losses to each other. So, the variations in insertion

losses are mainly generated by the 90° and 180°-bits.

3.4.3 Phase Shift

Despite the poor insertion loss performance of the phase shifter block, the phase
shift performance is acceptable, at least in the vicinity of the center frequency of
10 GHz, as shown from Fig. 35-38. 22° and 45°-bits have a maximum error around
5° across X-band frequencies while having a phase shift of 21.5° and 45.5° phase
shift at 10 GHz. These two bits’ performance is very good. The 90° and 180° bits
matches well with the simulations but only around 10 GHz, with a phase shift of
92° and 181° respectively. Their phase shift vs. frequency slopes are increased too
much with respect to simulations, suppressing the useful bandwidth of the overall
phase shifter.

Using the individual blocks’ measured S-parameters, the insertion phase of the
overall phase shifter is extrapolated as shown in Fig. 39. The solid lines are the
measured phase shifts of standalone blocks, while the dotted lines are extrapolation
results. The linear phase shift is observable around 10 GHz.

Finally, Fig. 40 shows the RMS phase and gain error for the overall 4-bit phase
shifter. As low as 3° RMS phase error is achieved at 10.1 GHz, while it is better
than 11° at 9.2-10.8 GHz band. Lowest RMS gain error of 1.5 dB is achieved at 10.6
GHz and it is better than 3.3 dB across X-band frequencies.

In summary, the presented 4-bit by-pass/lo-pass SiGe X-band phase shifter
achieves better than 11° RMS phase error in 9.2-10.8 GHz range, allowing 4-bit
operation, while achieving as low as 3° RMS phase error at 10.1 GHz. Average in-
sertion loss is 14 dB at 10 GHz and the phase shifter has an input 1-dB compression
point of 15 dBm. The power consumption is negligible (< 1 yW).
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Figure 36: Simulated and measured phase shift of 45° bit.
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Figure 38: Simulated and measured phase shift of 180° bit.
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3.5 Comparison

Table 6 shows the comparison between the presented 4-bit SiGe X-band phase
shifter with the similar works in the literature. The presented work shows significant
reduction in chip size with respect to hi-pass/lo-pass topologies at the expense of
reduced bandwidth, while achieving the highest 1-dB compression point. The pre-
sented phase shifter also achieves wider bandwidth than [24] where by-pass/lo-pass

topology is used as well. The best phase error performance is achieved by [25].
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4 SiGe X-band T/R Module

4.1 Proposed T/R Module Architecture

This chapter presents the design and measured results of a single-chip trans-
mit/receive (T/R) module at X-band in SiGe BiCMOS technology. The all-RF
T/R module shown in Fig. 41 includes an LNA, a PA, two SPDT switches, a phase
shifter and a VGA. The 4-bit by-pass/lo-pass phase shifter presented in Chapter 4
is integrated into the complete T/R module. There are a couple of T /R switches
developed to be integrated into the module, as presented in [29]. However, their
lowest achieved insertion loss is 2.3 dB, which would degrade the T/R module noise
figure in receive mode. Also, including the T /R switch in the module would break
the compact layout of the module and increase the chip area by 20%. For those
reasons, the T/R module is not included in the developed T/R module and it is
assumed that output of the module can be connected to the antenna by MMIC

switches (with as low insertion loss as 0.5 dB) or circulators.

On-Chip T/R Module

NF <4 dB
lIP;>-12 dB
RXi | SPDT
| Sz (IL)<2dB
| LNA Isol. > 25 dB
| Gain > 20 dB Pics > 15 dBm
I S11&S22 <-10 dB
| NF < 2 dB PS
: IIPs >-10 dBm 4 bit (22° steps) X
| Sar (IL) < 15 dB IN
o S11&S2 <-10dB
ANT —=7"
il Bl VGA
TIR Switch | Gain 10-0 dB
: | RXourt

Or Circulator | PA S1&Sz2 <-10 dB

| Gain > 20 dB Gin =108
S11&S2 <-10dB
|
| Pias > 22 dBm §P5J< 2dB
0 21
| PAE > 25% | 1sol.>2508
TXOUT X Pigs > 15 dBm

Psar > 18 dB
Gain>10dB

Figure 41: Proposed SiGe X-Band T/R Module Architecture
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Initially, the module is planned to achieve a transmit/receive gain of 20 dB
with a noise figure of 2.5 dB in RX mode and an output power of 22 dBm at TX
mode.Also, it is aimed to achieve the smallest chip area for X-band T/R modules
with low power consumption. In the light of these values, the specifications of each
block is determined. Input and output of all blocks will be matched to 50 (2.

Single-pole double-throw (SPDT) switches are required to have an insertion loss
less than 2 dB in order to route the signal from TXy to TXoyr and from RXy to
RXour. They require at least 25 dB of isolation to reduce the coupling between TX
and RX paths. Since the output of the LNA will not carry a high-power signal, a
very high Py4p is not required for SPDTs, 15 dBm is suitable.

Low noise amplifier (LNA) is required to have sufficient gain (>20 dB) and
minimum noise figure (<2 dB) in order to suppress the noise contributions of the
following blocks, as can be seen in Friis equation [30]

-1 F3-—1 F,—1

Frotq = F 29
Y A KRN eR A 2

where F}, is the noise factor and G, is the power gain of each block in linear scale.
Also LNA is required to an I1P3 higher than -10 dBm to achieve a high dynamic
range.

Power amplifier (PA) is required to have higher than 20 dB linear gain and an
output power of at least 22 dBm. In this way, assuming a typical X-band antenna
gain of 6 dB and subtracting possible losses due to T/R switch and interconnection,
26-27 dBm (400-500 mW) radiated output power per element can be realizable which
would satisfy the requirements for commercial phased array applications. Target
power-added-efficiency is 20%.

Phase shifter (PS) is the critical block of the T/R module. Low insertion loss, low
phase and gain variation are required. Lower than 8 dB insertion loss is needed to
achieve the complete T /R module target specifications given above. Higher insertion
loss would degrade all three performance parameters. Due to the use of digital phase
shifting, a variable gain amplifier (VGA) is required right after the PS in order to

compensate the loss and loss variation in the PS.
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4.2 SiGe BiCMOS Technology

SiGe BiCMOS technology is a very promising candidate for commercial phased
array applications at X-band and beyond due to its lower cost, higher integration
potential of RF front-end circuits with baseband blocks, higher yield and manufac-
turing capabilities. In this work, a 0.25-pm SiGe BiICMOS process (SG25H3), offered
by IHP Microelectronics, is used to realize the X-band T/R module. This technol-
ogy offers three different kinds of heterojunction bipolar transistors (HBTs) with
high speed (110/180 GHz fr/fumax and 2.3 V BVeg), high voltage (7 V BVago)
and medium voltage (7 V BV¢pgo) options available, as well as NMOS transistors
for switching and digital applications. This technology also provides passives such
as high-Q) metal-insulator-metal (MIM) capactiros, two thick top metal layers with
2 and 3-pm thickness for high-Q realizations and various kinds of poly and diffusion
resistances. All of the building blocks and the complete T/R module is realized in
this technology.

4.3 Previously Designed Blocks
4.3.1 SPDT Switch

Fig. 42 shows the schematic of the SPDT switch design [31]. It is based on
series-shunt topology. When control voltage is high, M; and Mj; operates in deep-

Port2

L1
Port1 o—a
Re4
|
OFF
M1 = M2 = 12x10 um Vet Vi L1=L2=L3 =250 pH
M3 =M4 =9x10 um = = Rg;=Rg,=Rg3=Rg,= 5 kQ

Figure 42: Schematic view of the SPDT switch
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Figure 43: Chip photo of the SPDT switch. Chip area is 0.48x0.36 mm?
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Figure 44: Simulated and measured insertion loss and isolation of the SPDT
switch

triode region while M, and M, operate in cut-off region. In this mode, there is a low
impedance path between port 2 and port 1 while port 3 is isolated. M; and M5 tran-
sistors perform the switching function while M3-M, transistors are used to improve
the isolation by grounding any RF leakage to the isolated port. The insertion loss
mainly depends on the channel resistance, which depends on the transistor width
in deep-triode region for a given Vg, voltage and mobility. Therefore larger-width
transistors are required to lower the insertion loss. However, capacitive coupling to

substrate increases by increase transistor dimensions, increasing the insertion loss.
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Figure 45: Simulated and measured input/output return losses of the SPDT
switch

So, transistor widths are optimized for lowest insertion loss. Additional techniques
such as S/D biasing, gate/body floating and parallel resonance are used to improve
the isolation and power handling of the switch.

Fig. 43 shows the fabricated SPDT switch. It has a small chip size of 0.48x0.36
mm? without pads. Measurements show that the switch has insertion loss of 2 dB
at X-band and lower than 3.2 dB from 0-20 GHz (Fig. 44) and the input/output
matching is better than -20 dB at X-band (Fig. 45). The isolation of the switch is
better than 23 dB and the input Pi4g is 17 dBm at X-band.

4.3.2 Low Noise Amplifier

Fig. 46 shows the designed low noise amplifier circuit schematic [32]. Tt is a two-
stage amplifier where each stage is using cascode topology, to achieve 20 dB gain
requirement. Cascode topology is chosen for its better stability then CE topology
at high frequencies at the expense of slightly increased noise figure. First stage
is designed using simultaneous input noise and power matching technique. First,
an optimum base-emitter voltage is selected for a unit-sized device to achieve the
best trade-off between NF,,;, and IIP5. Second, transistor sizes are increased and
capacitors C.xt are inserted between base and emitter of the driver transistors, to

achieve an optimum source resistance of 50 ). Third, an inductor degeneration is
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Figure 47: Chip photo of the fabricated LNA.

introduces, which sets the real part of input impedance to 50 €2 and also improves the
linearity. Finally, another base inductor is used to achieve the rest of the matching.
Output of each stage is loaded with inductors to achieve highest voltage swings and
minimal noise contribution. The second stage design is similar but it operates at
a higher current in order not to degrade the overall IIP3 of the LNA. Bias circuits
are connected to the base of HBT's via 5 k2 resistors and output of bias circuits are

terminated with bypass capacitors, to reduce their effect on the noise figure of the
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Figure 49: Single-tone and two-tone linearity measurement results of the LNA.

The fabricated LNA chip is shown in Fig. 47. It employs five spiral inductors and
the chip area excluding measurement pads is 0.5 mm?. First and second stage draw
2.5 mA and 7.5 mA, respectively, from a 2.2 V supply, for o total power consumption
of 22 mW. The measured results are shown in Fig. 48-49. The LNA has a small
signal gain of 22 dB and a reverse isolation of -47 dB across X-band frequencies.
Input and output ports are well matched, S; is varying between -11 and -22 dB
while Sy, is between -12 and -20.5 dB at X-band.

LNA achieves 1.52-2.1 dB noise figure across X-band frequencies, with a mean

noise figure of 1.65 dB, very competitive pr better than other reported SiGe X-band
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LNAs. The linearity measurements show that LNA achieves input 1-dB compression

point of -19.5 dBm and input referred third order intercept point of -8 dBm.

4.3.3 Power Amplifier

A linear two-stage power amplifier is designed for the T/R module as shown in

Fig. 50 [33]. Each stage is composed of cascode topology. The high speed transistors

are used as driver transistor of the cascode pair, while medium votlage transistors

(with higher breakdown voltages) are used as the common base transistor in the

cascode pair to overcome the low breakdown voltage of silicon technologies. Active

bias networks are used to improve the linearity. C5 capacitor is shunted with an RC
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Figure 52: Measured gain and return losses of the PA.
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Figure 53: Measured 1-dB compression point and saturated output power of the
PA.

network to improve the stability.

Fabricated PA chip photo is shown in Fig. 51 and it occupies 0.6 mm?

chip
area. It has a small signal gain of 25 at X-band as shown in Fig. 52. Input return
loss is better than 10 dB at X-band, while output return loss is better than 10 dB
only in a 2 GHz bandwidth, since the output of the PA is optimized for maximum

output power by load-pull simulations. Large signal measurement results are shown

in Fig. 53. PA achieves an output-referred 1-dB compression point of 22 dBm and
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saturated output power of 23 dBm. Operating at 1-dB compression point, PA draws
100 mA from a 4 V supply. The resulting PAE is 28%.

4.4 Implementation

The T /R module architecture shown in Fig. 54 is integrated using the previously
designed blocks. In the phase shifter presented in Chapter 3, the 4 bits were separate.
Those separate bits were merged and integrated into the T/R module. During this
process, the layout of the phase shifter is slightly modified due to the system level
layout of the complete T/R module. The bit ordering is optimized for minimum
RMS phase error under some layout constraints. Also, in order to compensate the
losses introduced by the phase shifter, a VGA is used right after the PS. VGA
is based on variable transconductance topology. It is based on [34], where the
MOSFET is replaced by a resistor and the variable gain is obtained by controlling
the bias of the common base transistor.

The fabricated SiGe X-band T/R module is shown in Fig. 54. The T/R module

2.8 mm

<— TXout RXin —

A
S
S
T}
™~
-

\ J

RXout TXin
Figure 54: Chip photo of the fabricated SiGe X-Band T/R module. Chip size
is 4.9 mm?.
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Figure 55: (a) Designed microstrip transmission line in SiGe BiCMOS process
(b) Simulated line loss at Sonnet

occupies 4.9 mm? chip area. The chip includes large number of DC pads as shown in
the figure. The reason is that the DC supplies of different blocks are not merged, in
order to track the power consumption of each block separately to see if they match
their own performance. Another reason is that a large number of ground pads are
included, distributed throughout the chip and supported by very large number of
substrate contacts to ground the substrate as much as possible.

For the interconnections between the building blocks, microstrip transmission
lines are custom designed and used. The microstrip line is realized using the thickest
top metal in the process as the signal line and the bottom metal line as the ground
plane. The geometry can be seen in Fig. 55. Electromagnetic simulations result in
a line impedance of 49.6 2 and a line loss of 0.24 dB/mm?. All of the inductors used
in the T/R module is also custom designed and most of them has a quality factor

higher than 20.

4.5 Measurement Results

To test the performance of the SiGe X-band T /R module, a printed circuit board
is designed and the chip is stick to the PCB with conductive epoxy. Then the DC
pads are wire-bonded to the PCB. During this process, large number of DC pads
with 30-um spacing caused some problems within the capabilities in our lab. The
main problem is the lack of ESD protection at the pads. There are large number of
control pads in the T/R module that is connected to the gates of NMOS transistors
(8 for the phase shifter and 2 for each SPDT switch). Any potential ESD problem

at one of those control pads, malfunctions the overall T/R module chip. Because
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Figure 56: Simulated and measured gain of T/R module in receiver mode for
all phase states

of this reason, the chips measured in this way is not functional in terms of RF
performance, although LNA and PA are properly drawing desired currents from DC
supplies.

In order to get ride of that problem, the T/R modules are sent to a professional
bonding facility and the DC bads are wire bonded to a QFN-64 package and this
package is soldered to a PCB test board, as shown in Fig. 56, including additional
SMD bypass capacitors. In this way, potential ESD problems during the bonding
process are alleviated. RF pads are not bonded and measurements are performed
using a prob station after the metallic covers of the QFN package is removed.

For the performance evaluation of the SiGe X-band T/R module, S-parameter,
noise figure, single-tone and two-tone linearity measurements are performed. For
these measurements, Agilent 8720ES network analyzer, E4407B spectrum analyzer,
E8267D vector signal generator, E4417A power meter and E3631A DC power sup-

plies are used. Measurement results is presented in two sections:
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Figure 57: Measured input and output return losses of T /R module in receiver
mode for all phase states

4.5.1 Receiver Mode

The measured S1; and Ssy of the T/R module in RX mode is shown in Fig. 57.
They are both better than 10 dB for at X-band for all phase states. The simulated
and measured gains are shwon in Fig. 58. The average measured gain of the T/R
module in RX mode is 11.5 dB at 10 GHz and it is better than 10 dB between 8.9
and 10.9 GHz. There is a 8-9 dB discrepancy between the simulated and measured
data. This is mainly attributed to the excessive insertion loss of the phase shifter,
that is presented in Chapter 3. The simulation results data for all the figures include
the phase shifter simulations, therefore the deviations are consistent throughout all
the measurement results.

Fig. 59 shows an illustration of the setup for measuring the noise figure of the
module in RX mode, including Agilent 346A noise source and 87405C preamplifier
that are used to increase the sensitivity of the spectrum analyzer. The simulated
and measured noise figure of the T/R module in RX mode is shown in Fig. 60.
The minimum measured NF is 4 dB and it varies with frequency and with different

phase states. NF is between 4-6 dB in 9-12 GHz band, and below 10 dB at X-band.
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Figure 58: Simulated and measured gain of T/R module in receiver mode for
all phase states

The discrepancy between the simulated and measured data is expected due to the
phase shifter performance.

The phase shift performance of T/R module in RX mode is shown in Fig. 61,
displaying the insertion phase for all 16 phase states. The figure demonstrates a
linear phase shift around 9 GHz. Also, it is clear from the figure that the performance
is degraded mainly because of 90° and 180° bits. The simulated and measured RMS
phase errors can be seen in Fig. 62. A minimum RMS phase error of 5° is achieved at
9 GHz, while RMS pahse error is better than 11° in 7.5-10 GHz band. The measured
center frequency is shifted towards lower frequencies. This means that phase shifter
is performing slightly higher than the desired phase shift. One possible explanation is
that due to the aggressively compact layout of the T/R module, the inductors in the
adjacent bits has mutual coupling, therefore each bit performs slightly higher phase
shift, since the phase shift and inductance values are proportional as given in (27).
The mutual coupling is not observed in the standalone phase shifter measurements
in Chapter 3 since each bit is far away from each other due to the inclusion of

RF pads. Another explanation would be the loading effect of each phase shifter

60



Agilent 346A Cable Loss
I l: Noise Source
Agilent E4407B I In

Spectrum Analyzer

Oooooo
ooooo RF Probs
Oooooo
N 4100000

———__

DC Power
Supplies

ooo

ooo

G\RHn 558

Agilent 87405C Cable Loss
Preamplifier

Figure 59: Noise figure measurement setup

14 | -
------- Simulated

Measured | _

Noise Figure (dB)

7 8 9 10 11 12 13

Frequency (GHz)

Figure 60: Simulated and measured noise figure of T /R module in receiver mode

bit on the adjacent bit. Each phase shifter bit is designed assuming a 50 {2 port
termination. Due to the non-perfect 502 termination of the input and output of
phase shifter to the SPDT switch and the VGA respectively may cause some phase
shift performance degradation. But these effects should be minimal since the return
loss for each phase shifter bit is better than 10 dB as presented in Chapter 3.
Finally, single-tone and two-tone tests are performed to measure the linearity of

the T/R module as shown in Fig. 63. In receiver mode, the T/R module exhibits an
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Figure 61: Measured insertion phase of T/R module in receiver mode for all
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Figure 62: Simulated and measured RMS phase error T/R module in receiver
mode

input-referred 1-dB compression point of -22 dBm for a single tone 10 GHz, while
the input-referred third-order intercept point is -10.5 dBm for two input tones at 10
and 10.01 GHz. Considering the measured /1 P;3 of the LNA is -8 dBm, this result
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Figure 63: Measured 1-dB compression point and third order intercept point of
T/R module in receiver mode

is acceptable.

4.5.2 Transmitter Mode

Same measurements are performed for the TX mode operation of the T/R mod-
ule. Measured return losses of the T/R modules are shown in Fig. 64. The output
matching performance of the PA is observed with a shift to lower frequencies, being
better than 10 dB in 7.5-9.5 GHz. The output matching is narrow because it is
matched using load-pull techniques to reach high output powers. The input return
losses on the other hand considerably varies vs. different phase states. This is due
to that there is only a passive SPDT in this case between the T'X;, port and the
phase shifter input, unlike the receiver mode of operation, where there is an active
LNA in the front, preventing the return loss variation of the PS reflect to the RXj,
port. Still the input return loss of the T/R module is better than 10 dB at X-band
for most of the phase states and better than 8 dB for all phase states across X-band
frequencies.

The simulated and measured gains of the T/R module for TX mode of operation
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Figure 65: Simulated and measured gain T/R module in transmitter mode for

all phase states
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Figure 66: Measured 1-dB compression point and saturated output power of
T/R module in transmitter mode

is shown in Fig. 58. There is a slight deviation in the frequency on top of the usual
8-9 dB deviation caused by the phase shifter losses. The average measured gain is
drawn in bold; it is 10.7 dB at 10 GHz. A peak gain of 14.5 dB is achieve in 8.5
GHz and it is higher than 10 dB in 8.1-10.5 GHz band.

The phase shift performance and RMS phase error of the T/R module in TX
mode (not shown here) is nearly the same as RX mode performance shown in Fig.
61 and 62.

The output power of the T/R module is shown in Fig. 66. The measured
output-referred 1-dB compression point is 16 dBm for a single tone at 10 GHz.
The saturated output power is measured as 18.1 dBm. These are lower than ex-
pected, which would normally be set by the PA performance of 21 dBm output 1-dB
compressed power. This may be due to an unexpected saturation of the VGA.

The gain of the T/R module for both RX and TX mode of operation shown in
Fig. 58 and Fig. 65 does not incorporate the variable gain functionality of the VGA
and it is operated in the highest gain mode which is around 10 dB. Fig. 67 shows
the RMS gain error of Sy; in both TX and RX mode of operation. They are quite
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Figure 67: Measured RMS gain error of T /R module in receiver and transmitter
modes

similar to each other, which means that the dominant source of gain error is only
the phase shifter. Normally if an RX/TX gain of 20 dB were achieves, the VGA
could be used to control the gain of the T/R module as well, without degrading the
overall noise figure. However, due to the unexpectedly high insertion loss of the PS,
using VGA for amplitude control would be meaningless, since it would degrade the
NF too much. However, VGA can be used to compensate for the PS loss variations,
forcing the RMS gain error to be as low as 0 dB at a desired center frequency of
operation.

Finally, the power consumption of the T/R module is 35 mW in receive mode,
assuming LNA is operating in its linear region; and the power consumption in trans-
mitter mode is 250 mW assuming PA is operating around its 1-dB compression

point.

4.5.3 Discussion and Comparison

In short, designed SiGe X-band T /R module has a measured RMS phase error of
5°-10° in 7.5-10 GHz band wiith a 4-bit phase control for both TX and RX mdoes.
The module achieves a measured RX/TX gain of 11.5/10.7 dB at 10 GHz with a
minimum NF of 4 dB and an IIP3 of -10.5 dBm in RX mode; while achieving an

output-referred Piqg of 16 dBm in TX mode. These results are obtained in 4.9 mm?
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Figure 68: Simulated noise figure and third order intercept point of T /R module
vs. phase shifter loss, using measured results of other building blocks.

chip area and 285 mW total power consumption of RX and TX modes.

The minimum noise figure of the module is increased from 2 dB in simulation
to 4 dB in measurements due to the extra losses caused by the phase shifter. This
degradation could be overcome if the PS is used in front of the VGA, which however
would degrade the linearity performance in RX mode. This is showed in Fig. 68,
where the measured performance data of the other building blocks is used to evaluate
the effect of phase shifter loss using (29) and (30).

1 1 G, G1G,

= 30
I1IP3rots  1IP3, * IIP3,I1P3, * IIP3,I1P35,11P34 * (30)

where TIP3, is the input-referred third-order intercept point of the n* stage and
G, is the power gain of the n'* stage, both in linear scales. Currently achieved NF
and [IP3 values are in good agreement with these simulation results. Increased noise
figure of reduced gain problems could be overcome by introducing a second VGA in
the middle of the phase shifter bits.

Finally, Table 7 provides a comparison between current SiGe X-band T /R mod-
ules. Since the designed SiGe X-band T /R module offers the best performance in
9-10 GHz band, these values are used in the table. It achieves comparable perfor-

mance to other demonstrations at X-band in the smallest chip area except [?]
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5 Conclusion & Future Work

5.1 Summary of Work

Next generation phased array radars requires thousands of transmit /receive mod-
ules to be able to scan the beam electronically. These modules require low cost, high
performance and high integrated IC solutions. With the recent advances in silicon
based technologies, SiGe BiCMOS has a great potential to be used in the next
generation phased arrays, especially for commercial applications. For military ap-
plications, SiGe BiCMOS can provide hybrid solutions with III-V technologies for
optimum balance between performance, cost and operation expenses.

In this thesis a 4-bit passive X-band (8-12 GHz) phase shifter and a fully-
integrated transmit/receive (T/R) module is presented, realized in IHP Microelec-
tronics 0.25-pum SiGe BiCMOS technology. Initially phase shifter fundamentals are
covered. A comparative analysis of different phase shifter topologies such as switched
line, loaded line, reflective type, switched filter and vector modulator phase shifters
are investigated. By-pass/lo-pass topology is chosen due to its smaller required chip
area and reduced number of series switches. Also, the effect of phase shifter num-
ber of bit on the array performance is discussed and an analysis of the low-pass II
network that is used in the phase shifter is provided.

SiGe 4-bit X-band phase shifter is implemented using switched filter topology.
Low-pass I networks are used as phase shifting elements (phase shift state). Isolated
NMOs transistors are used for switching purposes (bypass state). Phase shifter is
composed of 22°, 45° and 90° bits, while the 180° bit is realized by cascading two 90°
bits. Each bit is fabricated and measured as a standalone component. The return
losses of each bit is better than 10 dB, the overall phase shifter has an average of
14 dB insertion loss. Minimum RMS phase error of 3° is obtained at 10.1 GHz.
RMS phase error is better than 11° at 9.2-10.8 GHz band. The overall phase shifter

2 area, has no DC power consumption and achieves input-referred

occupies 0.9 mm
1-dB compression point of 15 dBm.

The design and measurement of previously developed building blocks such as
SPDT switch, LNA and PA is presented. Using these blocks and the presented

4-bit phase shifter, a SiGe X-band T/R module with a small chip area (4.9 mm?)
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is developed. The building blocks of the T/R module is interconnected by on-chip
microstrip transmission lines. In 9-10 GHz band T/R module achieves a gain of
10-11.5 dB in receiver mode and 10.7-12 dB gain in transmitter mode. RMS phase
error is between 5° and 10°. Noise figure in receiver mode is between 4-6 dB, I1P;
is receive mode is -10.5 dB and 1-dB compressed transmit power is 16 dBm. Total

power consumption is 285 mW.

5.2 Future Work

One of the main problems that is faced throughout the thesis is the excessive
insertion loss of the phase shifter, which is mainly attributed to the lossy MOS
switches in the technology. As a short-term future work, there are two ways for
solving this problem. Frist, additional amplifier stages can be inserted between the
bits of the phase shifter, which will increase the power consumption by only tens of
mW and the chip area less than 15%. Another and much fancier solution would be to
implement the phase shifter using vector modulation scheme. Actually, foreseeing
the excessive insertion loss of the phase shifter in this work, a vector modulator
phase shifter has been designed by one the senior students under my supervision.
An RC filter is used to generate two orthogonal vectors which are then fed into four
VGAs, two using the CB and two using the CE topology. This generates 4 vectors
of 0°, 90°, 180° and 270° which are scaled and added by varying the gains of the
VGASs to generate any phase between 0-360°. It has a simulated RMS phase error
of 0.6° at 10 GHz and lower than 5.6° RMS phase error at X-band.

As a long-term future work, integrating low-power, low-cost and low-chip area
SiGe phase and amplitude control chips with very high power and extremely low
noise GaN amplifiers as a hybrid solution for phase arrays seems as a promising

candidate for military applications with extreme specifications.

70



References

[1]

2]

[10]

[11]

[12]

[13]

[14]

J. D. Cressler, Fabrication of SiGe HBT BiCMOS Technology. Florida: CRC
Pres, Taylor & Francis Group, 2005.

J. D. Cressler, Silicon Heterostructure Devices. Florida: CRC Pres, Taylor &
Francis Group, 2005.

I. Sarkas, “Analysis and Design of W-band Phase Shifters,” (Master Disserta-
tion), University of Toronto, 2010.

A. Poon and M. Taghivand, “Supporting and Enabling Circuits for Antenna
Arrays in Wireless Communications,” Proceedings of the IEEFE, vol. 100, no. 7,
pp. 2207-2218, 2012.

J. D. Cressler and N. Guofu, Silicon-Germanium Heterojunction Bipolar Tran-
sistors. Boston, London: Artech House, 2005.

B. Van Loon, “Scanning our Past - Radar 101: Celebrating 101 Years of De-
velopment,” in Proc. of the IEEFE, vol. 93, no. 4, pp. 844-846, 2005.

E. W. Reed, E. Henry, and A. Cosby, “THAAD system loading capacity eval-
uation in anticipated tactical field environments,” Radar 97 (Conf. Publ. No.
449), vol. 28, no. 9, pp. 352-355, 14-16 Oct 1997.

L. Martin, “AN/TPS-59(V)3 Tactical Missile Defense Radar.” http:
//www.lockheedmartin.com/content/dam/lockheed/data/ms2/documents/
ground-based-air-surveillance/TPS59_brochure.pdf.

R. Sherman, “AN/FPS-115 PAVE PAWS Radar,” in Military Space Programs,
2000.

Thales, “APAR, Active Phased Array multifunction Radar.” http://www.
thalesgroup.com/Countries/Netherlands/Documents/Datasheet_APAR/,
2012.

A. R. Taylor, “The Square Kilometer Array,” Proceedings IAU Symposium,
no. 291, 2012.

D. Saxion and R. Ice, “New Science for the WSR-88D: Status of the Dual
Polarization Upgrade,” in 92nd AMS, 28th IIPS, New Orleans, LA, pp. 240—
243, 2012.

Bosch, “Mid-Range Radar Sensor (MRR).” http://www.
bosch-automotivetechnology.com/en/com/component_com/CO_PC_DA_
Adaptive-Cruise-Control_CO_PC_Driver-Assistance_2434.html.

P. Neuchter, “Silicon Based Monolithic Integrated Microwave Systems - Present
Limitations and Future Aspects,” in 2000 Topical Meeting on Silicon Monolithic
Integrated Circuits in RF Systems, pp. 19-22, 2000.

71


http://www.lockheedmartin.com/content/dam/lockheed/data/ms2/documents/ground-based-air-surveillance/TPS59_brochure.pdf
http://www.lockheedmartin.com/content/dam/lockheed/data/ms2/documents/ground-based-air-surveillance/TPS59_brochure.pdf
http://www.lockheedmartin.com/content/dam/lockheed/data/ms2/documents/ground-based-air-surveillance/TPS59_brochure.pdf
http://www.thalesgroup.com/Countries/Netherlands/Documents/Datasheet_APAR/
http://www.thalesgroup.com/Countries/Netherlands/Documents/Datasheet_APAR/
http://www.bosch-automotivetechnology.com/en/com/component_com/CO_PC_DA_Adaptive-Cruise-Control_CO_PC_Driver-Assistance_2434.html
http://www.bosch-automotivetechnology.com/en/com/component_com/CO_PC_DA_Adaptive-Cruise-Control_CO_PC_Driver-Assistance_2434.html
http://www.bosch-automotivetechnology.com/en/com/component_com/CO_PC_DA_Adaptive-Cruise-Control_CO_PC_Driver-Assistance_2434.html

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[25]

2]

[27]

[28]

[29]

W. Shin, O. Inac, Y.-C. Ou, B. Ku, and G. Rebeiz, “A 108-112 GHz 4x4 wafer-
scale phased array transmitter with high-efficiency on-chip antennas,” in Radio
Frequency Integrated Clircuits Symposium (RFIC), 2012 IEEE, pp. 199-202,
2012.

A. C. Balanis, Antenna Theory: Analysis and Design. John Wiley & Sons, Inc.,
Hoboken, New Jersey, 2005.

M. Skolnik, Introducing to Radar Systems. New York: Mc- Graw-Hill, 2001.

R. C. Hansen, Significant Phased Array Papers. Norwood, MA: Artech House,
1973.

E. T. Inc., “Passive Phased Arrays for Radar Antennas,” Space and Technology,
Atlanta-GA, Dec. 2005.

G. Xiang, H. Hashemi, and A. Hajimiri, “A fully integrated 24-GHz eight-
element phased-array receiver in silicon,” in IEEE Journal of Solid-State Cir-
cuits, vol. 39, no. 12, pp. 2311- 2320, 2004.

H. Hashemi, X. G., A. Komijani, and A. Hajimiri, “A 24-GHz SiGe phased-
array receiver-LO phase-shifting approach,” IEEE Transactions on Microwave
Theory and Techniques, vol. 53, no. 2, pp. 614-626, 2005.

P. Barton, “Digital beam forming for radar,” in IEEE Proc. of Communica-
tions, Radar and Signal Processing, vol. 127, no. 4, pp. 266277, 1980.

C. Moore and B. Kopp, “Phase and Amplitude Noise Due to Analog Control
Components,” Microwave Journal, pp. 6472, Dec. 1998.

D. Shin and G. Rebeiz, “Low-power low-noise 0.13-um CMOS X-band phased
array receivers,” in Microwave Symposium Digest (MTT), 2010 IEEE MTT-S
International, pp. 956-959, 2010.

K.-J. Koh and G. Rebeiz, “0.13-mum CMOS Phase Shifters for X-, Ku-, and
K-Band Phased Arrays,” Solid-State Circuits, IEEE Journal of, vol. 42, no. 11,
pp. 2535-2546, 2007.

J. Comeau, M. Morton, J. Cressler, J. Papapolymerou, and M. Mitchell, “A
High-Linearity 5-bit, X-band SiGe HBT Phase Shifter,” pp. 1668-1671, 2006.

M. Morton, J. Comeau, J. Cressler, M. Mitchell, and J. Papapolymerou, “5
bit, silicon-based, X-band phase shifter using a hybrid pi/t high-pass/low-pass
topology,” Microwaves, Antennas and Propagation, IET, vol. 2, no. 1, pp. 19—
22, 2008.

W.-T. Li, Y.-H. Kuo, Y.-M. Wu, J.-H. Cheng, T.-W. Huang, and J.-H. Tsai,
“An X-band full-360°, reflection type phase shifter with low insertion loss,”
in Microwave Integrated Circuits Conference (EuMIC), 2012 7th European,
pp. 754757, 2012.

T. Dinc, “SiGe BiCMOS Front-end Integrated Circuits for X-Band Phased
Arrays,” (Master Dissertation), Sabanci University, Spring, 2012.

72



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

H. T. Friis, “Noise Figure of Radio Receivers,” Proc. of IRFE, vol. 32, pp. 419—
422, July 1944.

T. Dinc, S. Zihir, and Y. Gurbuz, “CMOS SPDT T/R switch for X-band, on-
chip radar applications,” in FElectronics Letters, vol. 46, no. 20, pp. 1382-1384,
Sep. 2010.

T. Dinc, S. Zihir, I. Kalyoncu, and Y. Gurbuz, “X-band, high performance,
SiGe-heterojunction bipolar transistors-low noise amplifier for phased array

radar applications,” Microwaves, Antennas Propagation, IET, vol. 6, no. 7,
pp. 768-772, 2012.

S. Zihir, T. Dinc, and Y. Gurbuz, “Compact X-band SiGe power amplifier for
single-chip phased array radar applications,” Microwaves, Antennas Propaga-
tion, IET, vol. 6, no. 8, pp. 956-961, 2012.

I. Kalyoncu, T. Dinc, M. Kaynak, and Y. Gurbuz, “A SiGe switched LNA for
X-band phased-arrays,” in Microwave Integrated Circuits Conference (EuMIC),
2012 Tth European, pp. 103-106, 2012.

J. Comeau, M. Morton, W.-M. Kuo, T. Thrivikraman, J. Andrews, C. Grens,
J. Cressler, J. Papapolymerou, and M. Mitchell, “A Silicon-Germanium Re-
ceiver for X-Band Transmit/Receive Radar Modules,” Solid-State Circuits,
IEEE Journal of, vol. 43, no. 9, pp. 18891896, 2008.

J. Jeong and I. Yom, “X-band high power SiGe BiCMOS multi-function chip
for active phased array radars,” FElectronics Letters, vol. 47, no. 10, pp. 618619,
2011.

D. Carosi, A. Bettidi, A. Nanni, L. Marescialli, and A. Cetronio, “A mixed-
signal X-band SiGe multi-function control MMIC for phased array radar appli-
cations,” in Microwave Conference, 2009. EuMC 2009. European, pp. 240-243,
2009.

K. Gharibdoust, N. Mousavi, M. Kalantari, M. Moezzi, and A. Medi, “A Fully
Integrated 0.18-um CMOS Transceiver Chip for X -Band Phased-Array Sys-
tems,” Microwave Theory and Techniques, IEEFE Transactions on, vol. 60, no. 7,
pp. 2192-2202, 2012.

S. Sim, L. Jeon, and J.-G. Kim, “A Compact X-Band Bi-Directional Phased-
Array T/R Chipset in 0.13 pm CMOS Technology,” Microwave Theory and
Techniques, IEEFE Transactions on, vol. 61, no. 1, pp. 562-569, 2013.

73



	Acknowledgements
	Abstract
	List of Figures
	List of Tables
	List of Abbreviations
	Introduction
	A Brief History of Radar
	Phased Array Radars
	Phased Array Operating Principles
	Time Delay vs Phase Shift
	Beam Steering and Array Factor
	Phased Array as a Receiver
	Phased Array as a Transmitter

	Phased Array Architectures
	Passive vs. Active Arrays
	Phase Shifting Methods

	All RF Transmit/Receive Module
	SiGe BiCMOS Technology
	Motivation
	Organization

	Phase Shifter Fundamentals
	Analog vs. Digital Phase Shifter
	Active vs. Passive Phase Shifter
	Performance Metrics
	RMS Phase Error
	RMS Gain Error
	Effective Number of Bits

	Phase Shifter Topologies
	Switched-Line
	Loaded-Line Phase Shifter
	Reflection Type Phase Shifter
	Switched Filter
	Vector Modulator

	Quantization Loss and Number of Bits

	A 4-bit X-band Switched Filter Phase Shifter in SiGe BiCMOS
	Phase Shifter Requirements
	Low-Pass  Network
	Circuit Design
	Measurements
	Return Loss
	Insertion Loss
	Phase Shift

	Comparison

	SiGe X-band T/R Module
	Proposed T/R Module Architecture
	SiGe BiCMOS Technology
	Previously Designed Blocks
	SPDT Switch
	Low Noise Amplifier
	Power Amplifier

	Implementation
	Measurement Results
	Receiver Mode
	Transmitter Mode
	Discussion and Comparison


	Conclusion & Future Work
	Summary of Work
	Future Work

	References

