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ABSTRACT
by Pinping Sun, Ph.D.
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High speed SiGe MMICS for phased array communications has been widely used in
satellite communications. This dissertation presents the development of reconfigurable
SiGe MMICs for upper X-band or lower Ku band satellite phased array communications.
Novel high-isolation, low-insertion-loss and highly linear octagonal PIN diode has been
designed on SiGe substrate to improve on the current state of the art performance.
Fabricated in a standard 0.18-um SiGe BiCMOS technology, the 50 pum” PIN SPST
switch can achieve an insertion loss of less than 0.65 dB from 2 to 18 GHz with the
measured P;45 of 16 dBm. The radiation tolerance of the developed PIN diodes has been
verified with TID test up to 1000 krad.

Based on the novel PIN diode implementation, the new SPDT architecture which
alleviates the leakage caused by the Psub-Nwell parasitic diodes has been presented. The
measurement results shows that the SPDT switch can achieve a through-path loss of 1.2
to 1.8 dB and an isolation path loss of 51 to 36 dB over a wide frequency range (2 to 18
GHz). A 4-bit Ku-band bridged-T filter type PIN diode phase shifter is used to realize 0°
to 360° phases with a resolution of 22.5°. The average power consumption of this phase
shifter is only 2.5 mA with a 3.3 V voltage supply. This phase shifter achieves compact
chip area, flat phase response, low delta insertion loss, high return loss and low power

consumption. The low power active combiner is used to combine the multiple phase

shifters into a phased array.
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CHAPTER ONE
INTRODUCTION

In satellite space communications, phased-array antenna systems offer many
significant advantages over those that utilize a conventional antenna. The advantages
include the ability to make multiple steered antenna beams from the same aperture, the
ability to make antennas conformal with their mounting structure, and the ability to
generate directive beams that can be electronically repositioned. Solid-state device
technology has motivated phased arrays to overcome the low reliability inherent with
tube-type transmitters and their associated high voltage power supplies and also improves
system efficiency. The transmit/receive (T/R) module forms the final stage of the module
for transmitted signals and the first stage of the module for received signals. Apart from
amplification, it controls the amplitudes and phase of the signals to steer the antenna
beam. Low module cost is desirable due to the number of modules required in a general
phased array application. For these reasons, T/R modules significantly affect the entire
phased array antenna architecture and play a critical role in determining the overall
system cost and performance for phased array based applications [1].

Most high performance transmitter/receiver (T/R) modules in the phased array
communication systems have been commonly implemented in III-V compound
semiconductor technologies, such as GaAs or InP [2]-[3]. However, high cost and low
integrative capacity of these materials are prohibitive to the commercialization of fully
integrated SoC solutions. Recently, silicon based technologies became a low cost
alternative solution [4]-[6]. For space applications, radiation-tolerant and low cost SiGe
BiCMOS technology becomes one of the technologies of choice for the fast-growing

phased array communication systems [7]-[14].
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Fig. 1 Next Generation T/R module with single chip front-end

This dissertation is focused on the investigation of radiation-tolerant SiGe MMICs for
upper X-band or lower Ku band satellite phased array communication systems. It
includes the development of low cost and high performance SiGe MMIC blocks such as
SPDT T/R switch and phase shifter based on novel PIN diodes. Innovative circuit design
and layout methodologies have been developed to improve on standard SiGe circuit
performance for radiation-tolerant space communication applications. The radiation
tolerance of developed PIN diodes and RF SiGe MMICs has been verified with TID test

up to 1000 krad.

1.1 Organization

The basic operations of phased array will be introduced in Chapter 2. Chapter 3 will
present our first step in the research, a 2GHz to 18 GHz high isolation, low insertion loss,

highly linear and high radiation tolerant PIN diode SPST switch. The advantages of using



an octagonal PIN diode will be explained through the theoretical analysis and
measurement verification.

High performance SPDT design will be presented in chapter 4. We will extensively
address many design aspects of SPDT switch, such as series, series-shunt, Psub-Nwell
parasitic diode and the selection of anode size for series and shunt arm. A through-path
loss of 1.2 to 1.8 dB and an isolation path loss of 51 to 36 dB over a wide frequency
range (2 to 18 GHz) have been measured.

In Chapter 5, we will describe a 4 bit Ku band compact phase shifter and active
power combiner design for phased array. Finally, the conclusion will be given in Chapter

6.



CHAPTER TWO

BACKGROUND
The demand for high data rate wired and wireless communications drives the increase
of the channel capacity. According to Shannon’s theorem, the channel capacity (C)
characterized by the highest data rate of reliable transmission in bits per second (bps) is

given by[15]:
C =Bxlog,(1+S/N) (1)

where B is the channel bandwidth and the S/N is the signal-to-noise ratio. This
equation indicates that by increasing the channel bandwidth and the S/N, the channel
capacity can be improved.

Usually the maximum bandwidth is decided by the Federal Communications
Commission (FCC). For a given operating frequency, the bandwidth is limited by the
FCC regulation, and the directly increasing the bandwidth to increase the data rate is
often impossible. Thus, the method which can improve the system’s S/N becomes more
practical and important.

Phased array communications system is one architecture level solution to increase the
system’s SNR. The phased array is a group of antennas in which the relative phases and
the respective signals feeding the antennas are varied in such a way that the effective
radiation pattern of the array is reinforced in a desired direction and suppressed in
undesired directions[16]. Usually, for the beam forming in the phased array, the same
signal is transmitted or received on each antenna with a time delay and a variable gain.
By doing this, the directional radiation pattern is shaped and focused on one particular
direction. Compared with mechanical reorientation of antenna to generate beam steering,
the electronic methods is much faster and can avoid the strong interfere with the

undesired signal. Thus, the electrically scanned phased array systems are widely used in



recent years [17].

2.1 The SNR at phased array antennas

The phased array system can genetically improve the system’s SNR. When the
antennas are spaced at sufficient distance, the radiation noise of each antenna is
uncorrelated. However, the signals in the antenna are correlated, and lead to the SNR
improvement in phased array systems because it can focus the transmitted or received
signals into a certain direction and suppress the noise.

Since the received signals are coherent, the n channel output signal can be

S, = n’S, @)
Since the noise source at each of the antenna is white and uncorrelated, it can be
described as:
N,= > N,=nN, 3)
i=1
where N; is the noise from one antenna and N, is noise from N element phased array.
By putting the (2) and (3) into (1), the signal from antennas add in amplitude (coherently)

while the noise adds in power, creating a 10log(N) dB in the SNR for an N element

phased array receiver. Thus, the channel capacity is increased.

2.2 The non-linearity at phased array antennas

An ideal phased array communication system would be a linear system. However, the
harmonic distortion from the system itself, the gain compression, cross modulation and
interference can become comparable with the desired signals, corrupting the signals.

The gain compression point is one important figure of merit. The small-signal gain of

a circuit is usually obtained with the assumption that the harmonics are negligible.



However, as the signal amplitude increases, the gain begins to vary. The output is a
compressive or saturating function of the input. The 1 dB compression point is the input
signal level that causes the small signal gain to drop by 1dB [18] (shown in Fig.2). It
indicates where the circuits start to leave the linear region and the harmonics become
serious problems.

Another important specification that is used to measure the system’s linearity is the
third order intercept point. A weak signal accompanied by two strong interferers
experiences third order non-linearity. When one of the IM products falls in the band of
interest, the desired component is corrupted. The third intercept point (IP3), this
parameter is measured by a two toned test. It is obtained by extrapolating the
fundamentals output and the third-order inter-modulation products which increase at
three times that of the fundamentals. The third-order intercept point is defined to be at the
intersection of the two lines [18] (shown in Fig.3). The horizontal coordinate of this point

is called the input /P3(/IP3), and the vertical coordinate is called the output IP3(OIP3).

POUt A
(dBm)

OP1gs

Fig.2 Definition of the 1-dB compression point



3:1 slope

/ IP3 ]

Fig.3 Definition of the third order interception point

2.3 Phased array architectures

There are two types of phased array architecture which are widely used these days: IF
phase shifting and RF phase shifting architectures. Fig. 4 shows the IF phase shifting
architecture. After the LNA, the LO signals are mixed with the input RF signals and
convert them to IF band. Since the phase shifting and the power combining functions are
operated at low frequency, the IF phase shifter exhibits lower loss and lower power
consumption than the RF phase shifter. However, at low frequencies, the passive devices,
such as inductors and capacitors consume larger chip area than RF phase shifting. Also,
the mixers are connected to a low directional antenna and are subjected to interference
from all directions and the inter modulation products generated can propagate throughout

the array, causing more interference [16].
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Phase shifting in the RF domain for each array element has been very popular (shown
in Fig.5). The output signal after the RF combiner has high pattern directivity and can
substantially reject an interferer before the mixer, which can maximize the system’s
signal to noise ratio. Also, the LO distribution network is removed in system resulting a
simple system. This project uses the RF phase shifting architecture [16]-[17].

The exploration of a SiGe phased array receiver will be presented in subsequent

chapters.



CHAPTER THREE
HIGH ISOLATION, LOW INSERTION LOSS AND HIGH LINEARITY PIN
DIODE DESIGN
A low insertion loss, high isolation and highly linear PIN Diode SPST in Jazz
0.18-um BiCMOS process is presented in this dissertation to achieve state of the art

performance.

3.1 The return loss, insertion loss and isolation in switch design

The T/R modules in phased array systems need a high performance switch. There are
three important criteria to evaluate switch performance. They are the return loss, the
insertion loss in the “on’ state and the isolation in the “off” state.

At high frequencies electric circuits can be viewed as a collection of finite
transmission line sections connected to various discrete active and passive devices. When
an incident voltage wave propagating along the positive z-axis interacts with a load

impedance termination, the traveling waveform can be defined as;

V(Z):V+e—kz_v—e+kz @)

[(z)=1"e¢e "+ 1 ™ 5)
where k is the propagation constant, the V', I" represent wavefronts propagating in the +z
direction, whereas the V', I donate the wave propagation in the —z direction[19].

If the source impedance is not match with the load impedance, there is a reflection
from the load to the source which is defined by the reflection coefficient /'
V-

FOZV+

(6)

The return loss (RL) is defined by the mismatch between the available source power and

10



the power delivered to the transmission line in the case when the input reflection
coefficient is not zero, which is the ratio of reflected power, P, = P;,, to the incident

power, P=P;,". It can be described as:

RL=—-10log % =—1010g‘1—’2 =-20log|T;, 7

1

Insertion loss (/L) defined a ratio of transmitted power P, to incident power P;. If an
unmatched circuit is connected to an RF source, reflection occurs that result in a loss of
power delivered to the circuit. The insertion loss reaches the maximum when the circuits
represent open conditions. In switch applications, the turn on resistance is expected to be
very small and when the circuits are matched to the source, most of the power is

transmitted to the circuits, and the insertion loss becomes small [19].

2) ®)

When the switch is turned off, isolation is used to define the transmitted power to

P P-P
IL=-10log~- =—10log=—= =—10log(1-
og, =—10log=— e

1 1

L,

incident power. The circuits have good isolation when the leakage from the source to the

load is very small.

3.2 The PIN diode and PN diode

A PN diode is formed by placing the P* and N* type semiconductor closely together.
For a PIN diode, an extra low doping intrinsic layer is placed between the P* anode and
N* cathode. In microwave applications, PIN diode is widely used for switching,
amplitude attenuation and phase shifting [20]. Compared with PN diodes, PIN diodes
have better isolation and linearity.

In the diode reverse bias condition, the intrinsic region between the P* anode and N*
anode increase the depletion region width, reduce the junction capacitance and increase

11



the isolation. Since the thicker depletion region exhibited flatter C-V profiles than the
thinner ones, the reverse bias capacitance modulation of PIN diode is smaller than PN
diode [21].

For a PN diode, the I-V curve shows an exponential equation as:

I — IS (qu/nkT _ 1) )

where the [ is the diode current, / is the saturation current, V is the voltage across the

diode, n is the ideal factor, k is boltzmann’s constant, g is the magnitude of the charge on
an electron. The exponential function of voltage-current is obviously non-linear.

PIN diodes are designed to enhance the linearity of the forward biased resistance of
the PN diode. In the forward bias condition, when the it satisfy Qs >> I,r/ 2 nf, where the
I,r1s the RF current, fis the operating frequency and Qy is stored charge in intrinsic region,
the stored charge is much larger than the RF induced charge that is added or removed
from I-region by the RF current. The intrinsic resistance is:

1 (10)

R, = ——
2urtl,,

I

where, /; , the thickness of intrinsic region, u, the average electron and hole mobility, are
predefined by the process. The forward biased PIN diode behaves as a current controlled
resistor that presents a linear resistance to the flow of RF current through the diode. This
is the property of a PIN diode that enables the device to be used as the RF power control

element in linear attenuators and modulators [20].

3.3 The PIN diode and the MOSFET switch

A MOSFET can also be used as a switch. When it turns on, the turn on resistance is[22]:

12
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P+ N+ /D |N+/S [P+
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Fig.6 The physical cross-section view of MOSFET

R, = —— (11)
uc,, T(VGS -V, )

At the turn off state, the capacitance is:

TG
| Cyd Cos|
(o | | ,__v | 0
Cdb T CSb

°B
|
|
Cds

Fig. 7 Parasitic capacitances of a MOS transistor that is used as switch in “off “state [6]
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C,.C C.C
_ gs gd sb "~ db
Co=Catrc o e vC (12)
gs gd sb db

which can also be written as:
Coﬁ” =FW,LV,.,V,) (13)

Both the forward bias resistance and reverse bias capacitance are related to input RF

signal amplitude, which will cause the non-linearity in the application.

3.4 PIN diode implementation in standard SiGe BiICMOS process:

Anode

Cathode Cathode

Fig. 8 Ideal vertical PIN diode cross-sectional view

A vertical PIN diode is formed by heavily doped P and N regions with a lightly doped
intrinsic region (/), as shown in Fig. 8. The intrinsic region between the anode and
cathode is removed by mesa etching to achieve high isolation. In a standard Jazz 0.18-um
SiGe BiCMOS process, the PIN diode is realized with HBT material layers: the P* base
layer, the N-epi collector layer and the buried N subcollector layer, as shown in Fig. 9.

The intrinsic region between the anode and cathode can’t be etched in this process.

14



The relationships of the equivalent-circuit model to the physical parameters of the
PIN diode are also described in Fig.9. C; and Cp are the anode-to-substrate and the
cathode-to-substrate capacitance, respectively. Cp is the parasitic capacitance between the
anode and cathode port. R¢ is the contact resistance, which consists of the anode contact
resistance Rcs and the cathode contact resistance Rcc. Ry is the resistance from N-epi
layer. R; is the current based resistance, C; is the junction capacitance in the intrinsic
region and Ry is the parasitic resistance in the p-substrate. Cpp is the capacitance of the

parasitic Psub-Nwell diode that varies with bias voltage.

Shallow Trench

Deep Deep
Trench Cathode Anode Cathode  Trgnch
Cp y _

N epi Cy

P substrate |coT

Fig. 9 PIN diode cross-sectional view in a standard SiGe process.
For the microwave PIN diode switch, the crucial criteria are the forward bias insertion
loss and the reverse bias isolation. Fig. 10 (a) and (b) show the PIN diode small signal

equivalent circuit model for determining the S-parameters.
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Fig.10. Small signal equivalent circuit models for PIN RF switch (a) Equivalent circuits
for “on” state (b) for “off™ state

computation. The insertion loss Sz; and the isolation S;, of the PIN diode can be

expressed as:

1 1
Z()”i” 7+Rs
SC{) SCPD
S, = 1
—||(R +R,+R)+Z, ||||{ +st
sC,
(14)
0||||[ +R;
(R-+Ry, +R))+Z, ||||[ ]
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Zoll—+| (R +Ry ) +— |l —
sC, sC, ) sC,
1 (15)
Z()”i
N sC,
7 1 N 1 ! 1

ol sC, sC, sC,

where, Zy =50 Q is the terminated characteristic impedance. We can safely assume
that [1/sC, 1> IR.+R, +R, land |l/sC,|>|R.+R,|.

Three geometric and layout parameters are used to enhance the performance of the
PIN RF switch. They are the anode-to-cathode distance (ACD) of the PIN diode, the

periphery-to-area (P/A) ratio of the anode and the cathode contact resistance.

3.4.1 Insertion Loss enhancement by optimizing anode to cathode distance

In a standard SiGe 0.18-um BiCMOS process, the N-epi layer between the anode and
cathode is not completely etched out by the shallow trench isolation. The epi-layer
resistance Ry is reduced by the residual un-etched N-epi layer since extra current path has
been generated. Thus, the total cathode contact resistance is the series connection of Ry
and Rcc. Since Ry is decreased with the reduction of ACD, the best insertion loss can be
achieved with the minimum ACD, as defined by the design rule of the technology.

In the reverse bias condition, the capacitance Cp between the anode and the cathode
reduces the denominator of S;; and degrades the isolation. With the reduction of ACD,

the Cpis increased and the isolation becomes worse.

The isolation of PIN diodes with different ACDs shows negligible difference because
the parasitic capacitance Cp between the anode and the cathode does not crucially affect

the reverse bias capacitance. The Cp can be represented as:
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C p =€ AlS (16)

where, A is the PIN diode’s lateral area and S is the distance between the anode and the
cathode terminal. As shown in Fig. 10(b), the reverse bias capacitance can be simply
represented as Cp+Cj. The effect of Cp can be analyzed based on the modeling data from
Table II (the Circuit model parameters of 25 pm? PIN diode with the ACD of 0.9 pm).
According to Table II, C; is 0.018 pF and Cp is 0.0001 pF for this particular size device.
When PIN diode’s ACD increases from 0.9 um to 1.8 um, based on equation (8), CP
becomes 0.0002 pF while increasing Cp+C; by 0.5 %, which is insignificant. This
explains that the ACD doesn’t have a crucial effect on device isolation. Therefore, there is

a trade-off between the insertion loss and isolation when optimizing the ACD.

3.4.2 Insertion loss enhancement by optimizing P/A ratio
In the forward bias condition, the total resistance is the contact resistance R¢ plus the
current dependent resistance R; from the intrinsic region which is represented by (17)
[23]:
R, = Ut r:)gj:m] 2/3 (17)
IUTO 0 dc

where 79 is the effective minority carrier lifetime for a given intrinsic layer width wy and

current density Jy, w is the width of the intrinsic layer, A is the device’s anode area, u is

the average electron and hole mobility and /. is the forward bias current.

The relationship between 7y, the bulk lifetime 7, and the effective surface
recombination velocity Vyerin 1S given by (18)-(20) [13]. The contributions from Tpuk can
be neglected because there are more dislocations at the interface and the periphery than in

the bulk region. As (18)-(20) describe the minority carrier recombination from the P*/I
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interface, the periphery is the main factor affecting t because there are more dislocations

located at the interface and the periphery than in the bulk region [24].

Reﬁ = 1%, + Rperim + Rintelface (18)
P—Pp P—Pp
—OAz—O A+Vperim(p_p0)P (19)
T Tinte;face
1 1 P
—_—,=— 4y . (—
T /z-interface e ( A ) (20)

where, R, is the effective recombination rate of the device, Ry is the bulk minority
carrier ~ recombination rate, Ry, 1s the periphery normalized minority carrier
recombination rate, Riuzrface 1 the recombination rate at the SiGe/Si interface, p - ppis the
excess minority carrier concentration on the n-side of the junction, Ziuefuce 1 the P/l
interface minority carrier lifetime and v, is the effective hole surface recombination
velocity. The interface recombination is determined by the process, but the PIN diode
geometry is custom-tailored in this design to achieve a small periphery-to-area ratio, and
longer minority carrier lifetime.

The forward bias current ;. consists of recombination, /.., and diffusion, I
currents as shown in equations (21)-(22) [24]. Ly is 10" times smaller than the L0, and
thus, is neglected in the calculation. /.. is the sum of bulk recombination current which is
proportional to the diode area, A, and the surface recombination current which is
proportional to the perimeter length, P. Since the major recombination occurs at the

perimeter and not the bulk, the bulk recombination current is omitted in (22).
Idc:Irec+Idiﬁ‘ zlrec 21

gW,, oNn,

rec _(

14
= ( spLsnl.P) exp(jﬁj

A+q s, LinP)exp (%j
(22)
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where, vy is the thermal velocity of the carriers, N; is the trap concentration, ¢ is the
capture cross section of the deep trap, W is the effective depletion width where the
carrier recombination is significant, n; is the intrinsic carrier concentration, s, is the
surface (perimeter) recombination velocity and L;is the surface diffusion length.

By employing equations (20)-(22) in (17), we can obtain:

RS ST
/3 (23)

Equation (23) shows that R; is proportional to P/A for a given anode size. By
minimizing the anode’s P/A ratio, the current dependent resistance can be reduced and
forward bias insertion loss is improved. The optimization method is based on the reverse
proportional relationship between the 7 and PIN diode’s periphery-to-area ratio (P/A).

The improvement of the P/A ratio of a PIN diode can be achieved by changing the
anode’s geometry. Compared with rectangular (25 pm * 2 um with P/A = 1.08 x 10*em’
b, square (7 pm * 7 um with P/A = 0.56 x 10* cm™), dodecagon (50 me with P/A =
0.508x10* cm™) and circular (50 pm* with P/A = 0.501x10* cm™) PIN diode geometry,
the octagonal (50 um” with P/A = 0.51x10* cm™) PIN diode becomes a simple and
effective choice for PIN diode design in a standard SiGe process without the mesa
etching step. For the 50 pmz anode size, the octagonal geometry reduces the P/A ratio by

52.9% and 9.28 %, compared with the rectangular and square geometry, respectively.

20



Deep trench

P+ N +
(a)
Deep trench isolation
N +
N+ P+ N +
N +

(b)

Deep Trench

N+ N+

(©

21




Deep Trench

(d)

Fig.11. PIN diode with (a) rectangular (b) square (c) circular (d) octagonal anode shape

3.4.3 Insertion loss enhancement by optimizing the cathode contact resistance

P+anode New PIN diode
layout

P+ guard ring

Increased
Cathode
contacts

N + cathode Trench

Fig.12 The optimization of PIN diode cathode contact resistance

Because the forward bias resistance also consists of the cathode contact resistance, by

reducing the cathode contact resistance, the insertion loss can be improved. In the new

22



design, the number of cathode contacts has increased 10 times; the cathode contact

resistance has reduced from 0.2 ohm to 0.02 ohm, which improves the insertion loss.

3.5 Analysis of geometric effects on linearity and power handling capability

In a standard SiGe BiCMOS process, the nonlinearity in a series connected PIN RF
switch exists due to the current-dependent resistance (R; modulation [25], and the
leakage of the un-wanted forward biased Psub-Nwell parasitic diode under large RF
signal swings.

In the forward bias condition, the modulation of the current-based resistance, Ry in
the intrinsic region can severely degrade the linearity of the PIN RF switch. The
modulation occurs either at very low input frequencies or at high power levels.

When 7 <1/(22z) , where f is the PIN RF switch’s operating frequency and 7 is the

effective carrier lifetime in the intrinsic region, the injected carriers in the intrinsic region
recombine before responding to the input frequency. For an average 7 of 10 ns [26], the
PIN RF switch’s low frequency modulation is below 159 MHz, which is significantly
lower than the required application frequencies. Thus, distortion in the PIN RF switch is
primarily dominated by large RF input power. At a high RF signal power, the stored
carriers are insufficient to track large injected RF currents, and thus, linearity is degraded.

The compression point of the PIN RF switch P;45can be expressed as [25]:

Bp=144+15l0g (O for/ R) 4)
where Q). is the stored charge in nano-coulombs and fy; is the operating frequency in
mega-hertz. The employment of smaller P/A ratio octagonal anode shape also improves

the PIN RF switch’s linearity. Since Q=I 75, by employing / and R; from (20)-(22) in

(24), we can obtain:
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For a given size of PIN switch in the predefined process, the magnitude of distortion
signal is directly related to the operating frequency and P/A. By reducing the P/A, the
device’s carrier lifetime is increased, and more charges are stored in the intrinsic region
to handle large RF power. Thus, the octagonal anode geometry with small P/A ratio
enhances the PIN RF switch’s power handling capabilities.

The undesirable forward bias Psub-Nwell parasitic diode can also degrade the power
handling capability of the switch. Since the P substrate is always grounded, a large
negative swing on the N-well subcollector, which is the cathode of PIN diode switch, can
push the Psub-Nwell parasitic diode into a forward-bias region. In order to overcome this
limitation, the PIN diode switch’s cathode can be positively biased [5]. This simple
implementation increases the power handling capability of the PIN diode switch over a
wide-band frequency range.

Fig. 13 illustrates two bias conditions for the parasitic Psub-Nwell diode, which result
in different linearity and power handling capabilities. The resistance Ry represents the
PIN diode’s forward bias resistance, Vj; is the anode bias voltage, and Vj, is the
cathode bias voltage. In Fig. 13 (a), the PIN diode’s cathode is shorted to ground through
an inductor. When the RF swing at the cathode is lower than —Vjp, where the V3 is the
forward pinch-on voltage of the parasitic diodes, the parasitic diode Dpsub-nwen 1S forward
biased, and it functions as a small forward-biased resistor. The cathode output voltage is
then approximately clamped to —Vjp. Fig. 13(b) demonstrates a technique for improving
the linearity and power handling capability of PIN SPST switches. This improvement is
achieved by applying a positive bias to the cathode of the series PIN diode. The positive
bias at the PIN diode switch’s cathode does not affect the normal operation of the switch

as long as (Viiasi-Virias2) =Vrs, where the Vg is the forward bias voltage of the PIN diode
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switch to achieve a given amount of forward bias current. By using this technique,
applying positive DC bias to the cathode, the parasitic diode is always in reverse bias and
can withstand a strong negative swing to —(Vg+Vjpi2). This positive cathode bias

technique, therefore, leads to larger power handling capability and higher linearity.

3.6 De-embedding test structure for an extracting accurate PIN diode model

In order to get accurate model information oft PIN diodes, de-embedding test
structures were designed for the measurement. Three-step de-embedding method is used

to build the test structure [27]. By using this technique, the parasitic components’

PIN Diode
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(a)
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GROUND GROUND

RFIN . RF OUT

GROUND

GROUND

Transmission
Line

(b)
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Fig.14. Chip diagram of (a) the PIN diode test structure, (b) open, and (c) through
layout of the de-embedding structure.

influence on the test structure stemming from the contact pads, the metal interconnection
and coupling effects from the silicon substrate is subtracted from the RF behavior of the

actual device under test (DUT).

For the PIN diode, bias voltages for anode and cathode are provided from the bias tee
and only two ports are used in the test structure. The layout of the RF test-structure and
the corresponding on-wafer de-embedding structure, i.e., open and through structures
which are needed for the de-embedding procedure, are shown in Fig. 14. The chip
diagram of the pads and the metal interconnections is identical for the test structure and

the de-embedding structure.

The basic assumption in the de-embedding procedure comes from the theory that the
effect of parasitics in the de-embedding layout structure can be represented as equivalent
admittances and impedances shown in Fig. 15. Thus, the electrical behavior of the DUT
is influenced by the parasitic admittance G; G and G; and the parasitic impedances Z;
and Z, .The admittance G; G; and G; represents the coupling via the metal

interconnections and the silicon substrate between the pads of anode (port 1) and ground,
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Fig.15. Equivalent schematic circuit of (a) RF test-structure, (b) open de-embedding
structure, and (c) through de-embedding structure
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cathode (port 2) and ground, and anode (port 1) and cathode (port 2), respectively. The
impedances Z; and Z, originate from the metal interconnection’s series impedance

between port 1 and port 2, and the actual DUT.

By measuring the S-parameters of the on-wafer de-embedding structure and
converting them to y-parameters, all parasitic admittance and impedance values can be

calculated according to the following equations:

G = Yiiop T Yooy (26)

Gy = Yoop + Vizop @7
G, =(-1/ Voop +1/ ythh)_l (28)
Z,=2,=-1/Q2y,,) (29)

where the yi10p, Y1200 and y22, 1s the measured y-parameter of the open structure and y ;24
is measured y-parameter of the through structure. After excluding the calculated parasitic

admittance and impedance, an accurate DUT model is achieved.

3.7 Measurement results for PIN Diode SPST switch

Various SiGe PIN RF switches with different geometries have been implemented in a
standard 0.18-um SiGe BiCMOS process to achieve low insertion loss, high linearity, and

high power handling capability.

Six square and six octagonal PIN RF switches were implemented in a standard 0.18-
um SiGe BiCMOS process. Each geometry has two anode sizes, i.e., 25 pm2 and 50 pm2,
and each size has three ACDs, 1.e., 0.9 um, 1.35 ym, and 1.8 um, where the minimum
ACD defined by the design rule is 0.9 um. Fig. 16 shows the layout of the 50 pm2 square

and octagonal PIN diode with an ACD of 0.9 um. The deep trench, double body-tie guard
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Fig.16 50 um? (a) square and (b) octagonal PIN diode layout in a standard SiG process.

rings are used to further improve isolation.

3.7.1 The DC measurement results of PIN diodes
The DC measurements of the 25 pmz and 50 pm” octagonal PIN diodes with an ACD

of 0.9 um are shown in Fig. 17. For all diodes, the measured saturation current is around
108 A, and the junction reverse breakdown voltage V; is -11 V at 300 K, respectively.
The reverse saturation current is only around 107" A. Table I lists the Is (saturation

current), n (ideality factor) and I (reverse saturation current) for different sizes of
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TABLE I
DC CHARACTERISTIC OF OCTAGONAL PIN DIODE SWITCHES
WITH THE ACD OF 0.9 pwm

Anode size Is (A) n IR (A) Vp (V)
(um?2 ) -
50 7.46x10 1.18 3.27x10-10 -11
25 2.49x10° 1.02 3.05x107"° -11

octagonal PIN diode switches with the ACD of 0.9 pm. The square PIN diode switches

show similar DC performance to octagonal PIN diode switches.

3.7.2 The RF measurement results of PIN diodes

6 T T T T T
s Anode size
. L 50 um? |
< - 2
§, . L 25 um |
c
e L 4
S
=3
(&) 1 L _
0 ]
-1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Voltage (V)
(a)
1 T L T T
. Anode size
1 50 um?
< ——25um?
£
~— -2 -
€
R i
3
a4 - / i
4 /
]
.5 - -
'6 1 L 1 1

-13 -12 -11 -10 -9 -8
Voltage (V)

(b)

31



0.01 T - T T T
| Anode size
10° | 50 um?
——25um? T
< 10° .
= i
9 10 .
107° -
10-12 1 1 [ 1
0 0.2 0.4 0.6 0.8 1
Voltage (V)
(©)

Fig. 17 Measured IV curves: (a) at the forward bias; (b) at the reverse bias; and (c) log
current verse voltage of 25 pm?” and 50 pm?” octagonal PIN diode with ACD of 0.9 um
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Fig. 18 Measured insertion loss and isolation of 25 pmzz (a) octagonal PIN diode switch;
and (b) square PIN diode switch ( Ipg=2 mA, Vgg=-1V)
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50 um? octagonal PIN diode
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Fig. 19 Measured insertion loss and isolation of 50 um?: (a) octagonal PIN diode switch;
and (b) square PIN diode switch ( Ipp =2 mA, Vgp=-1V)

Dedicated two-port de-embedding structures are used for the RF performance of the
switches. Measured insertion loss and isolation of the 25 um?® and 50 um” PIN diode
switches with ACD of 0.9 um, 1.35 ym and 1.8 pm are shown in Fig. 18 and Fig. 19.
When the ACD is reduced from 1.8 um to 0.9 um, the insertion loss is improved by
12.5% for 25 pm? octagonal PIN diode, 10.2% for 25 pm? square PIN diode, 15.3% for

50 me octagonal PIN diode and 13.3% for 50 me square PIN diode at 15 GHz. The
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isolation shows very little variation with different ACD. By choosing PIN diode ACD as
the minimum length defined by the design rule (i.e. 0.9 pum), the device can achieve the
best insertion loss as expected from (14).

Based on (23), for a given PIN diode size, the octagonal geometry has a larger P/A ratio
than a square one; therefore, it has smaller forward bias current and better insertion loss.
The measurement results in Fig. 20 validate this trend. At 15 GHz, for 25 pmz PIN diode
switches, the octagonal geometry gives an average of 2.38 % improvement in insertion
loss over the square geometry for an ACD of 0.9 um, 1.35 pm and 1.8 um. For 50 pmz

25 um? PIN diode with ACD of 0.9 um
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50 um? PIN diode with ACD of 1.8 um
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Fig. 20 Insertion loss and isolation of 25 pmz octagonal and square PIN diode switches
with ACD of (a) 0.9 um, (b) 1.35 um and (c) 1.8 um; insertion loss and isolation of 50
me octagonal and square PIN diode switches with ACD of (d) 0.9 uym, (e) 1.35 um and

(f) 1.8 um. (Ipg=2 mA, Vgg=-1V)
PIN diodes, the octagonal geometry devices show an average of 3.57 % improvement in
insertion loss over the square geometry at 15GHz.

Measured input P; 5 of 50 pm2 PIN diode switches with an ACD of 0.9 um at Irg =2
mA is shown in Fig. 21. The input P; 45 for octagonal geometry is 15 dBm, which is 1 dB
improvement over the square geometry. The P4z of 50 pm” PIN diode with different
ACD shows similar P;;z performance. Fig. 22 (a) and (b) gives the comparison data of
P;,s measurement for 50 me square and octagonal PIN diode switches at different
cathode voltages. The measurement data show that the diode with positive cathode bias
of 2 V shows 1dB higher P,;s than the grounded cathode in both octagonal and square
anode cases, which supports our theoretical analysis.

From the aforementioned analysis and measured data, octagonal geometry devices

with an ACD of 0.9 um have the best insertion loss, isolation and P;,s performance. The
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Fig. 21 Measured data of P45 compression point of 50 um? octagonal and square PIN
diode switches ( Ipg = 2 mA)
models of 25 um” and 50 pm?® octagonal PIN diode switches with ACD of 0.9 pm are
developed from S-parameters measuring an on-wafer RF probe system. These models can
be used for high isolation RF switches, variable attenuators and phase shifter design in
phased array applications. The forward bias models are developed at the bias current of 2
mA. The reverse bias models are obtained at the reverse bias voltage of 1 V. Tables II
and III show the model parameter values for 25 um?® and 50 um? PIN diode switches
according to the corresponding parameters shown in Fig. 23. For the 25 um”PIN diode,
the average return loss is around 22 dB from 2 to 18 GHz. The insertion loss is lower
than 0.85 dB, and isolation is between 15 dB and 32 dB. The 50 me PIN diode switch
shows a flat return loss around 25 dB. The insertion loss is lower than 0.65 dB, and the
isolation is between 27 dB and 9.7 dB at the given frequency band. This insertion loss at
the X and Ku band is the best value reported for a standard 0.18-um SiGe PIN diode
switch with the same anode size. The isolation of this PIN diode switch is also

comparable to the performance reported in [10]-[14].
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Fig. 22 Measured data of P;;z compression point with positive cathode voltage for 50
me (a) square PIN diode switch and (b) octagonal PIN diode switch ( Irg=2 mA)
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Fig. 23 Equivalent circuit model of the octagonal PIN diode SPST switch
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Fig. 24 Measured and modeled results of series 25 pm2 PIN diode switch (a) return loss
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TABLE II

CIRCUIT MODEL PARAMETERS OF 25- pm2 PIN D10DE WITH ACD OF 0.9 um

ON (Ip =2mA) OFF(Vgp=1V)
L; L, Layout determined Layout determined
Rc+Ry 4431 Q 4431 Q
R, 4.362 Q 100 MQ
C, 1.005 pF 0.018 pF
Cp 0.0001 pF 0.0001 pF
C 0.002 pF 0.002 pF
Co 0.005 pF 0.005 pF
Rs 203 Q 203 Q
Crp 0.004 pF 0.001 pF

TABLE III

CIRCUIT MODEL PARAMETERS OF 50- pm2 PIN D10DE WITH ACD OF 0.9 um

ON (Ip =2mA)

OFF(VRB = IV)

L, L, Layout determined Layout determined
Rc+Ry 3.512Q 3.512Q
R; 3.442 Q 100 MQ
Cy 1.003 pF 0.032 pF
Cp 0.0001 pF 0.0001 pF
C 0.001 pF 0.001 pF
Co 0.003 pF 0.003 pF
Rs 203 Q 203 Q
Crp 0.003 pF 0.001 pF
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Fig. 25 Measured and modeled results of series 50 um? PIN diode switch (a) return loss
and (b) insertion loss and isolation

3. 8 The PIN diode TID test:

Cressler et al.[28] have demonstrated that IBM’s SiGe HBT technology is radiation
tolerant to nearly a Megarad(Si), while CMOS is tolerant to nearly 75Krad(Si). However,
HBT device has a leakage current under total dose radiation test and this leakage will
degrade the performance of MMICs in moderate radiation environment. Marshall et al.
[29] evaluated heavy ion and pulsed laser Single Event Upset (SEU) susceptibility of a
circuit hardening attempt in IBM’s HBT for a potential SEU critical application. This

study showed SiGe HBT technology to be sensitive to SEU. However, this SEU causes
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only a glitch in the RF and microwave signal of MMICs resulting in a bit error without
causing severe communication errors [1].

In this dissertation, we focused on the total dose radiation-tolerant SiGe BiCMOS
MMICs. Using the X and Ku band SiGe MMICs, we performed pre and post total dose
radiation tests up to 1000k rad(Si). Comparing the results between pre and post radiation
tests, it shows that the MMICs developed in this project have high radiation tolerant.

The octagonal PIN diode is used for switch, attenuator and phase shifter design. As
we have mentioned, compared with the rectangle and square design at given anode size,
the octagonal shape has smaller periphery-to-area ratio. The effective minority carrier life
time is determined by the recombination occurring at the bulk intrinsic region and surface
recombination occurring at the diode periphery. The boundary of the PIN diode causes
imperfections in the regular array of crystal atoms that creates energy states within the
otherwise disallowed bandgap of the silicon. Therefore, its peripheral recombination
probability is much larger when compared to a silicon crystal of infinitely extended
dimensions [4]. Small periphery-to-area ratio (P/A) is desirable for PIN diode design
because the long minority carrier lifetime can reduce the current-based resistance, while
also improving radiation tolerance of the device by reducing the lifetime killing effects
introduced by radiation exposure. Thus, the MMICs designed with octagonal PIN diode
have better radiation tolerant performance than the ones with square and rectangle PIN
diodes.

The pre-radiation dc test is performed for a SO—pm2 shunt PIN diode. Fig. 26 (a)
shows the micrograph of a 50-um” shunt PIN diode with a transmission line connected to

the PIN diode’s anode and cathode terminals. The PIN diode DC measurement
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performance is shown in Fig. 26(b) and 26 (c). The saturation current Is, the ideality
factor and the junction reverse breakdown voltage V), are found to be Is = 1.47 x 10-18, n
=1.001, at T=300 K, and V;, =11V respectively.

A radiation evaluation was performed on the PIN diode in DIP 14 package, to
determine the total dose tolerance of these parts. The irradiation was performed at the
Boeing Radiation laboratory using a GAMMACELL 220 EXCEL (GC-220E). Data

points were captured after irradiation levels 250, 350, 450, 650 and 1000 Krads. The
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Fig. 27 50—pm2 shunt diode after TID test (a) DC I-V characteristics, (b) Log (I) versus
voltage
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dose rate was 234 rads/s (Si). Higher dose rate Total Ionizing Test (TID) was not
performed due to limited test time in Boeing Radiation laboratory. Fig. 27 shows the 50
um? shunt diode’s DC performance after TID test. After 1000 krad dose radiation, Is =
247x 10" A, n=1.0021,at T=300K, and V,=-10 V.

The performance of saturation current, ideal factor and breakdown voltage has
demonstrated a strong degree of hardness to TID radiation. Due to the device’s
robustness, it is usable in applications where it is subjected to Gamma radiations of up to

1000 krads.
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CHAPTER FOUR

HIGH ISOLATION, LOW INSERTION LOSS PIN DIODE SWITCH DESIGN

The T/R switch is of crucial importance for the accuracy of the phase and amplitude
control in combination with the maximum control range. It is a key building block in
phased array communication systems. PIN diodes enable new design approaches for the
SPDT switch improving both isolation and insertion loss. The low insertion loss, high
isolation PIN diodes have been modeled in Jazz SBC18 SiGe process and are used to

implement a high performance SPDT switch.

4.1 Conventional SPDT PIN diode switch design

Transmission
Line
F——-o0
RF OUTO

L. V
Transmission I b2

Transmission
Line

\H—‘

O

-
% RF OUT1
I Vb3

Fig. 28 SPDT switch chip schematic
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The conventional series-shunt SPDT structure is favored in most broadband switch
designs. Fig.28 shows the SPDT switch schematic having a series-shunt diode
combination in each arm. This topology was chosen as the best compromise between
minimizing the insertion loss and maximizing the isolation.

A through path between RFIN and RFOUT]1 exists when Vj; > V,,, and V;; = 0, the
Vrs 1s the forward bias voltage of the PIN diode switch to achieve a given amount of
forward bias current, causing the series diode to become forward biased while the shunt
diode is reversed biased. Similarly, an isolation path exists between ports RFIN and
RFOUT?2 when V,; is reverse biased and the shunt diode is forward biased to maximize
the switch isolation. However, this design doesn’t consider the effects of Psub-Nwell

parasitic diode, which degrades the circuit’s insertion loss.

4.2 The effect of parasitic diode at negatively biased cathode

Fig. 29 illustrates two bias conditions for the parasitic Psub-Nwell diode, which result
in different insertion loss performance. The resistance Ry represents the PIN diode’s
forward bias resistance, V4 1S the anode bias voltage, V.2 is the cathode bias voltage,
where the Vg is the forward bias voltage of the PIN diode switch to achieve a given
amount of forward bias current. In Fig.29 (a), the anode is shorted to ground through the
inductor and the cathode is biased at the -Vgp to turn on the PIN diode. However, at the
same time, the parasitic diode Psub-Nwell diode is also forward biased and there is
leakage through the parasitic diode to the ground that degrades the insertion loss. Fig.29
(b) demonstrates another bias method for removing the PIN diode forward bias leakage.

In this case, the anode is biased at Vg and the cathode is shorted to ground, the parasitic
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Fig. 29 Simplified large-signal models for a forward biased series PIN diode
with cathode: (a) negatively biased and (b) grounded
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Fig. 30 Measured data of insertion loss of 25 pmz octagonal PIN diode switch with
different cathode bias octagonal and square ( Irg = 1 mA)
diode is turned off and the loss in the substrate is avoided. As the Fig. 30 shows, for 25-
um?’ octagonal PIN diode, the grounded biased cathode shows more than 3 dB

improvement in insertion loss than the negatively biased cathode case.

4.3 New configuration PIN Diode SPDT switch

Fig.31 (a) shows the conventional SPDT switch. In this design, the through path
between RFIN and RFOUT1 exists when V,, < -Vgrand V,; = 0, where Vgg is the
forward bias voltage of the PIN diode switch to achieve a given amount of forward bias
current, causing the series diode to become forward biased while the shunt diode is
reversed biased. Similarly, an isolation path exists between ports RFIN and RFOUT?2

when series diode is reverse biased and the shunt diode is forward biased to maximize
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the switch isolation. However, in the through path, the Psub-Nwell parasitic diode
Dpara_series from series arm PIN diode Dygeries 1S in opposite direction of the shunt arm PIN
diode Dgpyni. Thus, when Dghun 18 reverse biased, the Dpar_series 18 forward biased and cause
series leakage in the through path. For the Dpara_shune, its cathode and anode are both
shorted to the ground and thus doesn’t affect the insertion loss.

The leakage problem in the conventional design can be improved by changing the
direction of the series-shunt arm connection. As shown in Fig.31 (b), the series-shunt
arms are connected in the opposite direction than in the conventional design. In this case,
the through path between RFIN and RFOUTT exists when Vj, > Vgr and V), = 0, causing
the series diode to become forward biased while the shunt diode is reversed biased.
Similarly, an isolation path exists between ports RFIN and RFOUT2 when the series
diode is reverse biased and the shunt diode is forward biased to maximize the switch
isolation. In the through path, since both the cathode and anode of the Dpara-eries are at
ground voltage, the Dyara_series 18 turned off and this alleviates the leakage problem. For
the Dpara_shunt, its cathode and anode at the same direction as the shunt diode Dgpyne and

thus, doesn’t affect the insertion loss.

4.4 The device selection for SPDT switch implementation

The SPDT switch schematic has a series-shunt diode combination in each arm. This
topology was chosen as the best compromise between minimizing the insertion loss and
maximizing the switch isolation.

For the series PIN diode, the 6.25 um2 diode is used since it has low junction

capacitance, and therefore, high isolation. The 50 um2 PIN diode is used for the shunt
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connection since it has low insertion loss. This combination results in high isolation while

maintaining low insertion loss.

4.5 The measurement results of SPDT switch

The switch measurements are performed on wafer. Fig. 32 shows the SPDT chip
photograph. The chip size is only 560umx382um. Short 50 ohm transmission lines are
used to reduce the chip size. Off-chip bias networks are also employed to get small chip
size. Fig.33 shows the measured insertion loss, isolation and return loss. A through-path
loss of 1.2 to 1.8 dB and an isolation path loss of 51 to 36 dB over a wide frequency
range (2 to 18 GHz) have been measured. The retune loss of switches is less than 14 dB

between 2 and 18 GHz.

Fig. 32 SiGe SPDT Switch Chip ( 560umx382um )
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CHAPTER FIVE

HIGH LINEARITY LOW POWER PIN DIODE PHASE SHIFTER DESIGN

Phase shifters are widely used as beam-steering devices in phased array antenna
systems to electronically control the directivity of transmit and receive paths for
maximum receiver sensitivity. A conventional broadband phase shifter is made by
switching between separate high-pass and low-pass filters. The switching elements are
located external to the filters. Traditionally phase shifters have been implemented in
GaAs IC technologies or micro-electromechanical systems (MEMS) for high-end
commercial and military applications [30]-[31]. However, high cost and low integrative
capability is a big disadvantage. MOSFETs can also be used as switching elements. In
such a design the off-state capacitance of the FETs tends to degrade the performance and
limit the bandwidth of the phase shifter. Development in Silicon Germanium (SiGe)
BiCMOS technology offers microwave performance with high integration level that
makes the design of low cost, compact, and high performance phase shifters possible.
The low insertion loss, high isolation, high linearity PIN diode can be used to improve
the phase shifter’s RF performance. This technique is applied to implement the 4-bit

phase shifter.

5.1 Architecture of the phase shifter
In this dissertation, a MMIC phase shifter was developed in a standard six-level metal
SiGe BiCMOS process, which offers high performance transistors with peak Ft of 155-

GHz and high quality passive components.
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R. Tayrani recently demonstrated a 6-bit switched filter phase shifter with PIN diode
switches, but the bulky transmission-line structures make chip area considerably large
[10]. For a miniature design, differential inductors are firstly proposed here to replace the
transmission lines. Due to reduced parasitic resistance, insertion loss would improve with
the use of differential inductors.

In 2006, L. Wang has designed a Ku-band 4-bit PIN diode phase shifter with hybrid
switched filters shown in Fig.34 (a) [33]. The 180° bit uses high-pass/low-pass filter. The
900, 450, and 22.5° bits use bridged-T filter. Low insertion loss SiGe PIN diodes are used
for switching. The 180° bit employs high-pass/low-pass filter since this structure intends
to achieve large phase shift over a wide frequency range. High pass n-shape filter (HPF)
has the least negative phase delay, which serves as a reference path. A low pass T-shape
filter (LPF) has the most negative phase delay which serves as delay path. The 90°, 45°,
and 22.5° bits use bridged-T filter since it has lower insertion loss and provides medium
phase shift. The differential inductor is used instead of two single-ended transmission
lines to minimize chip area. The DC blocking capacitors which have little impact on the
phase delay. The die size is 1.6 mm X 0.37 mm excluding the testing pads, which is only
5% of the area of the phase shifter reported in [10].

However, in both the reference path and the delay path, the 180° bit always consumes
2mA current. It leads to large power consumption when the phase shifter integrated in the
large phase array with thousands of elements.

A new design which reduces the phase shifter’s average power consumption is
proposed (shown in Fig.34 (b)). The 4-bit phase shifter consists of 5 stages of phase

shifting elements. The first two 90° phase shifters are tied together to become the 180° bit,
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and the 90°, 45°, 22.5" bits are placed in series afterwards. Each bit is designed using a

bridged-T filter. The average current consumption is only 2.5mA, a saving of 1mA.

5.2 The bridged-T phase shifter bit design

3.3V/-1V
R1 § R2
Cc2 Cc3
—— —
O] f—s
L1

oVv/1.8V
L2
R3

Fig. 35 The schematic of bridged-T type filter phase shifter bit

The 50 um?® PIN diodes are used as single-pole-single-throw (SPST) switching
devices to switch between the reference path and the delay path. R; (2K Q) provides a
high RF impedance to reduce the signal leakage and some ESD protection for the n-
MOSFET, which switches in/out the inductor L, between on/off states

When the PIN diode is forward biased, the reference path dominates the signal route.
L2 is chosen to resonate with the parasitic capacitance Cp from M1 at 15-GHz to float the
LPF. When PIN diode is reverse biased, L2 is shorted by the on-resistance of M1 and the
LPF routes the signal. L/ and C2 are based on Eq. (30)-(31) [32]. L5 is derived from Eq.

(32):
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Forward bias Reverse bias

Fig. 36 Simplified equivalent circuit diagrams for the bridged-T type phase bit when the
PIN diode is (a) on (b) off [33]

L_, 1—cos(¢)

2 " wsin(g) (30)
sin (¢ )
2 = ﬁ (31)
1
Ls = w’C
P (32)

5.3 The 4-bit phase shifter performance

The simulation results are shown in Fig. 37. For a 14.5 GHz to 15.5GHz
operating range, the delta phase delay of 180° bit is 0.7° (183.3° ~184°), the delta
insertion loss is 0.85 dB (13.72 dB-14.57 dB); the delta phase delay of 90° bit is 0.06°
(92.330 —92.390), the delta insertion loss is 0.09 dB (10.63 dB -10.72 dB); the delta phase

delay of 45° bit is 0.37° (47.15° ~47.52%), the delta insertion loss is 0.22 dB (9.99 dB-
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10.21dB); the delta phase delay of the 22.5° bit is 0.4° (23.6°-24%), the delta insertion loss
is 0.31 dB (9.97 dB-10.28 dB). All of the 4 bit’s input and output return loss is better than

15 dB. Table IV summarize the phase shifter’s performance.

TABLE IV
PERFORMANCE OF 4-BIT PHASE SHIFTER

Control Voltage 3.3V for Pin Diode; 1.8V for MOSFET
Current Consumption 0 mA to 5 mA (Average current 2.5mA)

Delta Phase Delay 3.540 from 14.5 GHz to 15.5 GHz

Delta Insertion Loss < 1 dB for single phase bit over the freq. range
Insertion Loss (16.68 dB, 18.04 dB)

Return Loss (Input 15.2~14.3dB, 19.5~21.5dB)

4 Bit Phase Delay 180°, 90°, 459, and 22.5°
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Fig.37 The phase delay, insertion loss and return loss of (a) 180° bit, (b) 90° bit, (©) 45°
bit (d) 22.5° bit
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5.4 The active power combiner

111

Fig.38 The schematic of 4:1 power combiner

The power combiner uses the gain cell with N input paths to deliver received signals
from an N-antenna array to a single output path. The 4-path 15-GHz signals were
combined through an active combining amplifier, as shown in Figure 38. The amplifier
with resistive degeneration converts the 15-GHz signal from voltage domain to current
domain. The cascode transistor is inserted at each combining junction, isolating the input
ports and output ports. The output of the amplifier is loaded with an inductor. Single-
ended instead of the differential structures [16]-[17] are used in this design, because the

input from the phase shifters are single-ended and the signal-ended structure dissipates
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half amount of power compared with the differential structure. Compared to the passive
combining structure, the active signal combining technique can compensate the
transmission line loss and provide good isolation between the input and output by using
the cascode transistor. BJTs are preferred over MOSFETs for more current driving
capability.

TABLE V
PERFORMANCE OF 4:1 POWER COMBINER

Topologies 4:1 power combiner
Supply Voltage 33V
Frequency 14.5GHz-15.5 GHz
DC current 2 mA
Voltage gain 2.7dB
Linearity Input P1dB around — 6.6dBm
Process 0.18um SiGe BiCMOS
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CHAPTER SIX

CONCLUSION

The low cost and reconfigurable phased array communication systems have received
remarkable attention with the explosive growth in satellite and mobile communication
markets. For the T/R module in phased array applications, high performance switching
circuits and phase shifting circuits are critical components to successful system
integration.

In this dissertation, new techniques in designing low insertion loss, high isolation and
highly linear switching components and highly linear phase shifting components have
been discussed.

Low insertion loss and highly linear PIN RF SPST switches are presented with an
analysis of geometry effects. Theoretical analysis supported by the measurement results
show that a PIN diode with a reduced anode-to-cathode distance, smaller P/A ratio and
positively biased cathode improves both the insertion loss and the power handling
capability of the RF switch. The 50 um” PIN RF switch can achieve 0.65 dB insertion
loss, which is the best value reported for a standard 0.18-pum SiGe PIN SPST switch with
the same anode size. The measured P;;5 of 16 dBm is well suited for phased array
communication systems.

New high performance SPDT architecture has been presented. The new architecture
can alleviate the leakage caused by the Psub-Nwell parasitic diodes. The measurement
results show that the SPDT switch can achieve a through-path loss of 1.2 to 1.8 dB and
an isolation path loss of 51 to 36 dB over a wide frequency range (2 to 18 GHz). The

retune loss of switches is less than 14 dB between 2 and 18 GHz.
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The design of a low power high linearity Ku-band 4-bit PIN diode phase shifter is
presented. The bridged-type filter is used for the180°, 90°, 45" and 22.5° bit design. By
employing differential inductors and hybrid switched filters, this phase shifter achieves
compact chip area, flat phase response, low delta insertion loss and high return loss over
a wide frequency range. Compared with the previous design [33], the new phase shifter
design reduces the average current consumption from 3.5mA to 2.5 mA, which is
significant for phase array with thousands of elements. The active power combining
technique is used to combine the phase shifter into a phase shifter array.

Integration of the developed PIN RF SPST, SPDT and phase shifter with other RF
components is an attractive solution for achieving highly integrated low cost SoC T/R

modules in satellite communication applications.
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