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ABSTRACT

This thesis mainly presents an X-band bi-directional transmit/receive (T/R)
module for a phased array antenna system in 65nm CMOS. The chipset is comprised
of a 6-bit digital phase shifter, a 6-bit digital attenuator, and bi-directional gain
amplifiers (BDGAs). The phase shifter has the coverage of 360° with the minimum
phase shift of 5.625° while the attenuator can vary from 0 to 31.5 dB with the step
of 0.5 dB. The circuit achieves the reference-state gain of 3.7 dB and the return loss
of better than 11 dB at 8-12 GHz. The T/R module in all phase shift states has RMS
phase errors of less than 4° and RMS amplitude errors of less than 0.93 dB from 9-
11 GHz. In all attenuation states, its RMS amplitude and phase errors were less than
0.5 dB and 8° from 9-11 GHz. The output P1dB of the design is about 5.13 dBm at
10 GHz. The chip occupies an area of 3.74 X 1.35 mm? and consumes the DC

power of 170 mW mainly in BDGAs.
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Chapter 1 INTRODUCTION

1.1 Introduction about phased array system

A phased array is also known as an electronically scanned array; a computer-
controlled array of antennas [1]. It has an ability to form a radio-wave beam which
can be electronically steered to different directions in space without mechanically
moving the antennas. Due to the capability to electronically control and rapidly scan
the radio-wave beam, phased array systems have been widely employed in defense
and commercial applications [2]. Basically, phased array systems were first invented
to serve in military radar systems, taking advantage of its electronical beam control
and rapid beam scanning to quickly detect aircraft and missiles across the sky [3].
These phased array radar systems have now dominated the market of military
equipment and phased arrays are spreading to civilian applications.

The origin of phased array technology is marked since the directive wireless
communication invented by Nobel laureate Karl Ferdinand Braun [4]. Although
transmission of radio waves in one direction had been explored and developed, there
was still an issue that is, in fact, the radio signal received did not come from a certain
direction, but its direction changes. Emerging as a practical solution to the above
issue, the phased array antenna system which has a capability to steer the radio-wave
beam to point in different directions has been established and improved.

Regarding the applicable areas of phased arrays, this technique has been
originally deployed in military radar systems for many decades. Phased array radars
provide a capability to use a single radar system for detection and tracking on land
and air (detecting aircraft and missiles) and missile uplink capabilities [5]. Another
potential application which can greatly benefit from phased array systems is collision
avoidance radar for automobile or adaptive cruise control technology [6]. Phase array

can also play a crucial part in the success of many commercial applications such as



gigabit wireless communication systems at 60 GHz, recent satellite TV systems and

biomedical applications such as RF imaging for breast cancer detection [7].

1.2 Basic theory about the phased array system

Figure 1.2-1 Simple diagram of an N-element phased array system.

Figure 1.2-1 illustrates the simple diagram of an N-element phased array system
in which “N” identical unit antennas are located equally in space with a distance “d”
between two adjacent elements. The case mentioned here is for receiver part while
similar concepts can be applied for the transmitter as well. Variable time delays are
integrated into each signal path of the phased arrays to separately control the phase
of the signals. The signals received at each antenna element after passing through
variable time delay blocks are summed up at power combiner block. It is assumed
that the plane-wave beam of incidence arrives at the antenna arrays at an angle of 8
to the normal direction. Due to the different position in space, the phase delay

between two adjacent antennas to receive the signal is expressed in below equation:

T= M (1.1-1)

A
Where A is the wavelength of the signal. Thus, if the plane-wave beam is assumed to
be a sinusoid with w and A as frequency and amplitude respectively, each antenna

element will receive the signal in the form expressed as Equation (1.1-2).



X; = Ae /™t (1.1-2)

As mentioned above, the plane-wave beam of incidence arriving at the phased
arrays suffers a linear phase delay throughout the array of antennas. Hence, to
synchronize the signals before passing power combiner block, the variable delay
circuits should also be configured linearly but in reverse trend. Subsequently, the
form of the signal at the output of variable phase delay blocks can be shown in
Equation (1.1-3).

X] = Ae~ImAtetina (1.1-3)
Here, a is known as the phase shift step between two adjacent variable phase delay
elements. The array factor which is defined as the summation of all the signals
normalized to the amplitude of the incident signal can be written as Equation (1.1-

4):

N-1
F= 2 ¢~ inaT-a) (1.1-4)
n=0

It can be easily observed that the maximum of the array factor happens when the
phase delay blocks integrated into each path provide exactly the same amount of
leading phase to compensate the delay of received signals. The incident angle in this

case called scan angle can be determined by Equation (1.1-5) as below.

2nd
Tsin(@*) =a (1.1-5)
Resulting in
Aa
*=sin7!|— 1.1-6
o =sin (27Td) ( )

Substituting expression of time delay At into array factor equation, it becomes:

e o)

)

(1.1-7)



When the incident angle approaches the scan angle “6*”, the array factor reaches
a maximum value of N2. According to the above equations, there are three important
observations. First, moving far away from the scan angle 6, the array factor
becomes smaller than the peak value demonstrating the spatial selectivity of the
phased arrays. Second, the expression of the scan angle in Equation 6 reveals that it
is possible to electronically tune the variable time delay elements to satisfy the
condition for maximizing the array factor, without any mechanical interact to the
phased arrays. Third, basing on the fact that the array factor approaches the
maximum value of N2, then the performance of the phased array system can be
greatly improved by increasing the number of elements.

1.3 The proposed T/R module for active phased array systems

In recent years, Active Electronically Scanned Arrays (AESAs) with rapid
development has gradually replaced the mechanically scanned tube in today’s and
future radar systems [8]. Transmit/receive modules (TRMs) play the most important
roles in active phase array antennas employed in many radar and electronic warfare
applications [9,10]. Currently, GaAs pHEMT (pseudomorphic High Electron
Mobility Transistor) devices are used in most commercialized TRMs[11,12].
Moreover, TR modules have also been reported in the SiGe BiCMOS process [13-
17]. Though high RF performances can be achieved, relatively high power
consumption and production cost make them less attractive. The fact is that an AESA
system requires thousands of TRMs, thus, to significantly lower the cost of an array
system aiming to low-cost commercial applications, the production cost of a single
TRM has to reduce accordingly. Recently, the advanced innovations in silicon
technology enable to implement T/R modules on a standard CMOS process, which
will bring the benefits of lower fabricating cost and higher integration [18,19].
Typically, the agile control of phase and amplitude are the key features of CMOS

T/R modules to accurately steer the antenna beam [20,21]. Therefore, three main



components in a TRM are phase shifter, attenuator, and bi-directional gain amplifier
(BDGA). The BDGA is needed to compensate the losses caused by CMOS switches
integrated in passive control blocks [22,23]. Implementing TRMs in standard CMOS
technology brings many advantages and is still a challenging task, especially in
solving the problem of MOS device switch losses. More effort has been put into
improving the performance of MOS switches via maximizing or minimizing the
substrate resistance [24-26] and via using the body-floating technique [27,28]. The
proposed TRM employs double-well body-floating technique in single-pole-double-
throw (SPDT), and double-pole-double-throw (DPDT) switches used in phase shifter
and attenuator to reduce losses and enhance power handling capability [29,30]. The
proposed TRM has been realized in 65 nm CMOS process with 1.2 V of supply.
Chapter 2 presents a general view of functional blocks in a TRM. The detailed design
procedure with corresponding simulation results of the X-band CMOS TRM is
described in Chapter 3. The experimental setup and measurement results of the
implemented TRM (called Design 1) are also presented in this chapter. Chapter 4
introduces Design 2 of the TRM with the new structure of BDGA where gain
boosting stage and asymmetric cell topology are applied to enhance gain and output
power of the entire system. The simulated result comparison of Design 1 and Design

2 are fully provided.



Chapter 2 DESIGN CONSIDERATION OF

FUNCTIONAL BLOCKS

2.1 The 6-bits Phase Shifter

2.1.1 General perspectives of the phase shifter

The phase shifter is the key element employed in phased array systems. Its phase
shift capability needs to be adequate to steer the radio — wave beam and achieve good
spatial selectivity. There are some constraints for designing a phase shifter such as
360° coverage, small insertion loss, sufficient bandwidth, power handling and
linearity, low power consumption and small size. The present of inductors is
indispensable to a phase shifter design making it the more area consuming block in
the whole chip. The control mechanism is also an important aspect need to be
considered, and simplicity is preferred. In addition, the variation of amplitude
depends on different phase setting is one of the performance indicators, which should
be the smaller, the better. Finding out the appropriate tradeoffs for a specific
application is a challenging task for designers in phase shifter designs. As many other
functional circuits, either active or passive potential solutions have been found
including phase shifter with varactor-tuned transmission lines, reflective type phase
shifter, a phase shifter with vector modulators, and digitally bit-controlling phase
shifter.

2.1.1.1  Phase shifter with varactor-tuned transmission lines

As demonstrated early in [31], by adjusting transmission line, phase
controllability can be achieved. The idea behind the method described in this
subsection is that we can replace transmission lines with equivalent lumped elements
which occupy less chip area but still gives phase control capability. High pass/low
pass filter networks either in T or Pi configuration are usually utilized in this type of

phase shifters. Widely used than others, Pi-type low pass filter network which needs



least inductors gives the benefit of small chip area. Figure 2.1-1 shows the simplified

circuit structure of varactor-tuned transmission line (TL) phase shifter.

Cp

Figure 2.1-1 Simplified structure of varactor-tuned TL phase shifter.

2.1.1.2  Reflective type phase shifter

Reflective line phase shifter [32] is made up of a branch-line coupler (3dB 90°
hybrid coupler) terminated by a pair of reflective loads with identical impedances Z,.
as illustrated in Figure 2.1-2. The demanding characteristic of the branch-line coupler
is that its two coupled arms must be shared an identical power split (3dB split) and
the phase difference between them must be 90°. With these characteristics, the
incoming signal gets divided equally into two halves which then reflect off a pair of
symmetrical loads and finally merge together in phase at the output port of the phase
shifter if the reflection coefficient at loads are identically kept (easily to see that each
half of the input signal goes through equal paths). Noted that if the reflective loads
are assumed to be purely reactive, there is no power loss on them and total signal
power is delivered to the output port. The noteworthy feature of this structure is the
preservation of impedance matching at input and output ports despite the coupler

terminated by the reactive load that is to say the coupler acts as an impedance isolator.



0, 0 ,
‘ Input ZO/\/E ] Direct port
€<
-
Zy Zy =
(20+6) 190°, |
‘ Output - ZO/\/—Z . I Couple port
(90 + 0) (90 + 6)

Figure 2.1-2 The simplified structure of a reflective type phase shifter.

2.1.1.3  Vector modulators

A vector modulator can also be utilized to perform phase shifting function, with
an additional advantage of amplitude control [33]. The incoming signal is split into
two parts which are then passed through separated variable gain amplifiers or
attenuators. After being amplitude-weighted, a phase offset is created between these
two signals in many ways such as a 90° hybrid. Finally, the two signals are re-

combined by a combiner at the output port as can be seen in Figure 2.1-3 .

V1_0°
Inphase
Quadrature . o Combiner
REw Divider | Direct 0 VGA
RFOUT
—o
Coupled 90° »

VoZoo®

Figure 2.1-3 The simplified structure of a 90° vector modulator.

A vector diagram as shown in Figure 2.1-4 can be used to illustrate the generation
of expected phase. For instance, if the peak amplitude is set for the 0° path and lowest
one for 90° path, the phase of the output signal is 0°. Contrastingly, the output phase
0of 90° can be obtained by the opposite setting. Especially, when both paths carry

identical amplitude signals, the phase of 45° is generated at the output. Similarly, for



the case of employing a 90° hybrid, every phase within the interval between 0° and
90° can be reached by setting an appropriate amplitude for each signal paths. It is
noticeable that to obtain constant amplitude at the output, proper amplitude setting
for each branch is required. For example, if both branches of the coupler are fed with
maximum amplitudes to form a 45° phase shift, the result signal’s amplitude would
be higher than in cases of 0° and 90° by a factor of v/2, which is not acceptable.
However, if the adjustment range for the amplitudes is within 1 in 0° and 90° cases,
and within 1/+/2 in 45° case, achieving constant amplitude of output signal becomes

possible.

o
0 laxis

180]

270°

Figure 2.1-4 A typical vector diagram.

To provide the phase coverage of 360°, there are several solutions to choose the
number of divided paths and accordingly, the phase offset between two paths. For
instance, it requires 4 paths with 90° phase offset each or 3 paths with 120° phase
offset each. Wide phase control ranges need a large phase offset while increasing
phase offset results in decrease output amplitude, especially towards 180°. To make
a compromise between phase shift range and level of output amplitude, a system with
a phase offset of 120° can be chosen. It needs just three splitting paths and control

voltages, enabling to reduce circuit size and complexity.



2.1.1.4 Digitally bit-controlled phase shifter

All the above-mentioned types of phase shifter are categorized as analog phase
shifters, which show the significant advantage of high phase states density. It is due
to the fact that with analog voltage control mechanism, every phase shift value can
be reached, assuming that the resolution of the ADC is sufficiently high. In addition,
the drawbacks of this approach are a high requirement of power consumption and
the demand for control purposed ADCs which will increase the cost of the system
significantly. As being applied in some functional circuits (such as attenuators) the
topology in which the phase shifter circuit consists of several unit elements, each
element provides a certain amount of phase shift. The role of costly ADCs in the
above circuits is replaced by “digitally” bit-controlled mechanism which requires
just digital high or low voltage levels. By setting the control bits, the signal can be
arranged to pass through specific phase shift elements to achieve the desired phase
shift at the output. There are several ways to implement phase shift units including

delay lines or high pass /low pass filter networks with lumped elements.

Bit 1(LSB)

Bit 2

Bit 3

Bit 4(MSB)

Control

Block

LPF

LPF

HPF

i
i
|
i
i D RF oUT
i
i
I
HPF [—
1

Figure 2.1-5 The block diagram of the digital phase shifter with 4 bits resolution.
Figure 2.1-5 sketches the block diagram of a 4 bits phase shifter. It has the
coverage range of 360° and the minimum step phase shift determined by least
significant bit which is 22.5° in this case. It is easy to observe that a design with high

phase resolution also comes with high overall insertion loss and large circuit area.
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2.1.2 The design choice for the phase shifter

Phase Shifter is the key element of phased array antenna system. Its phase
shifting capability need to be adequate to steer array pointing beam. There are four
types of a phase shifter including switched line, reflection, loaded line and high-
pass/low-pass phase shifter. In recent year, high-pass/low-pass (HP/LP) network
phase shifter has become popular because of its advantage in power, digitally control
capability and broadband operation. The basic concept of HP/LP phase shifter is that
a high-pass filter made up of series capacitors and shunt inductors provide phase
advance while a low-pass filter constructed by series inductors and shunt capacitors
produces phase delay. By applying a switching mechanism between low-pass and
high-pass sections, the circuit can function as phase shifter with wideband

performance.

Bit 1(LSB) Bit 2 Bit 3 Bit 4 Bit 5 Bit 6(MSB)

!

Control Block

RFIN D—

Figure 2.1-6 Block diagram of the proposed phase shifter

Figure 2.1-6 shows the block diagram of the proposed phase shifter using in this
work. The phase shifter consists of 2 SPDT switches, 5 DPDT, phase shifting cells
with LPF and HPF networks, and a bit controller. There are 6 bits to control the states
of switches determining how much the phase of RF signals is shifted. The phase
shifter covers the range of 360 degrees with the LSB of 5.625 degrees. The
optimization can be applied to HP/LP filter networks and SPDT, DPDT control

switches separately.

11



2.2 6-bits Digitally Attenuator

Six-bit CMOS digital attenuator is designed with resistive pi-type structure. The
attenuator covers the range of 0 to 31.5 dB with the step of 0.5dB. Relative
attenuation level is obtained by taking the difference between attenuation state and
through the state which is controlled by single NMOS switches. One of the
challenges in designing an attenuator is to achieve good enough impedance matching
with characteristic impedance at both attenuation state and through the state.

There are two basic topologies mostly employed in the design of digital
attenuator which is resistive Pi-type attenuator and resistive T-type attenuator. These
conventional structures consist of series/shunt switch and resistors. The switches are
usually realized by a single NMOS. Thus, NMOS transistors are key elements
determining the performance of the digital step attenuator. For better understand,
NMOS switches can be approximately modeled by the resistor Ry in ON state and
the capacitor Cyrp in OFF state. By neglecting body parasitic capacitance and series
parasitic inductance, the schematic and equivalent circuits of attenuation state and

reference state are shown in Figure 2.2-1 respectively.

%M ) 4C|off1 5@31
A +——o o—— R1 o " o
D—m—lm 2 ﬂ/' 2 Ronz = Cort2] _1Cotr2
R, R, RZ% R, ng
I T b T o9 T

Figure 2.2-1 Schematic of Pi-type attenuator unit a) and simplified models in
ON(b)/OFF(c) states.

12



2.3 Bidirectional gain amplifier (BDGA)

In the design of T/R chipset, there are several functional blocks such as phase
shifter and attenuator. These blocks employ the switches as main elements to control
the proper operation. Due to the high insertion loss caused by the conductive silicon
substrate, the total insertion loss of the system is dominated by the loss of CMOS
switches. As a result, there is an increasing demand for the wideband gain amplifier
which will compensate for the loss of passive control circuit. The basic configuration

of a microwave distributed amplifier is illustrated in Figure 2.3-1 .

Zy Zg, 14 ouT/
W C—" G -G . D
< ! IN
M, T
L M
IN/ =
O | c—| — i
OUT de lg Zd

Figure 2.3-1 The configuration of an N-stage distributed amplifier.
It consists of N identical MOSFET cascaded, in which their gates and drains are

connected to transmission lines having a characteristic impedance Z;, Z; and
spacing of [, l; respectively. To perform the amplifying operation, the gate line
transmits the input signal to the gate terminal of each MOSFET, which will tap some
of the input power. The output signals amplified by MOSFET form the travelling
wave on the drain line. The gain of the amplifier is maximized by constructively
adding of the output signals which implies that the phase delay of gate and drain lines
must be matched. At the other ends of input and output lines, the termination
impedances Z; and Z,; absorb the signal propagating in the reverse direction. For
current advanced CMOS process, typically, the routing interconnections have
lengths of a few hundreds of microns; therefore, they cannot be used as transmission

lines at frequency below 30 GHz. As a result, in monolithic integrated distributed
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amplifier, the artificial transmission lines built by reactive lumped- element in ladder

form are utilized. Figure 2.3-2 demonstrates for this configuration.

Z, Lp/2 Lp/2 Lp/2 Lp/2 Lp/2 Lp/2 OUT
IN/

ouT L])/2 L])/Z L])/Z L])/2 L])/2 LD/2 Zd
Figure 2.3-2 The schematic of a distributed amplifier with lumped-elements.

In this structure, the gate and drain capacitances of active devices play a part of
artificial transmission line whilst the presence of the gate and drain resistances lead
to the loss on these lines. At the other ends of input and output lines, the termination
impedances absorb the signal propagating in the reverse direction and then prevent
the input and output signals from the disturbance of signal reflection. In general, with
the assumption that the transmission lines are lossless, the voltage gain of the
conventional distributed amplifier can be expressed as below equation:

\ ImZoN

G
2

(2.3-1)

Where N is the number of the distributed stages, g,, represents the transconductance
of the single stage. Termination impedance Zj is typically 50 (). It’s worth noting
that the factor of % implies that half of the output signal travel along the opposite
direction towards the drain termination. As observed from the gain equation, the
conventional distributed amplifier shows the additive gain mechanism N X G,
contrasting with the gain of a cascade of N amplifier stages which increase as G .
This fundamental characteristic of the conventional structure of distributed amplifier
leads to the gain limitation, which is typically less than 10 dB for the presented

designs.
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Chapter3 THE T/R MODULE WITH

CONVENTIONAL BDGA

3.1 The system configuration of the T/R module in Design 1

- i - H o ~ =
F i 3 H 4 e
g i g ~1 1 @ :/ S
: ~ i . i ~J
ATT ATT
8DGA @) 80GA (o1 2/4/057008) BOGA Ps BDGA

Figure 3.1-1 Block diagram of the T/R module in the first design.

Figure 3.1-1 illustrates the first design of T/R modules. The structure consists of
a phase shifter block, a bit-control attenuator and BDGAs. The phase shifter is placed
between two BDGAs to achieve better input and output return loss, resulting in a
reduction of phase and amplitude variation in all phase shift states. Attenuator block
is made up of several attenuation unit cells which are interspersed with BDGA blocks
to diminish loading effect which causes an unusual step in attenuation states. There
are 4 BDGAs employed in the structures to compensate the certain insertion loss of
attenuator and phase shifter blocks and in addition, give specific gain for the whole
chain. Three of them is comprised of 6 stages while the last one just has 2 stages.

Detailed discussion about the first design is provided below.

3.2 The design of the 6-bit phase shifter

3.2.1 Phase shifting elements

Firstly, designing and optimizing for phase shift elements are performed. There
are 2 types of HP/LP filter networks including T-type and Pi-type. Note that because
a high-pass filter provides a leading phase while a low-pass filter provides a lagging

phase, if each path contributes a half of the desired phase shift the phase difference
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between two is fully the expected phase shift. Figure 2.1-6 describes the simplified
circuit schematics of different type of HP/LP filter networks. Figure 3.2-1 shows the
structures of passive filters used in phase shift sections. Equations are showing
relations between the desired phase shift and values of L, C elements are summarized
in Table 3.2-1. From these equations, device parameters for high-pass filter and a
low-pass filter in Pi or T type are calculated in Table 3.2-2 below (Refer to Appendix

for the detailed derivation of equations).

Figure 3.2-1 Third order filter networks used in the
phase shifter.

Table 3.2-1 Design equations of L, C elements in LP/HP networks.

Filter L C
Z, 1
; - % C=
T-type wsin(Ag/2) wZ, tan(Ag/ 4)
HP
Z 1
_ L= 0 C=— ——
Ttype wtan(Ag/4) Z,wsin(Ap/2)
sin(A¢/2
T-type L:—ﬁtan(mm) - SnAd/2)
10} wZ,
LP

i tan(A¢/4
wtype | Lo faSn04/D) o _tanlag/4)
w wZ,
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Table 3.2-2 Values of L, C elements corresponding to phase shift unit cells.

o(deg) 5625 1125 225 45 90 180
o (rad)  0.098  0.196 0393 0785 1571 3.142

L-HP-T 16.218 8.119 4.079  2.079 1.125 0.796

% C-HP-T 12967 6479 3232 1600 0768 0318

E L-HP-m 32416  16.198  8.080 4.001 1921  0.796

% C-HP-m 6487 3247 1632 0832 0450 0318

L L-LP-T 0020 0039 0078 0.158 0330 0.796

nH é C-LP-T 0016 0031 0062 0.122 0225 0318

C = L-LP-t 0039 0078  0.155 0305 0.563 0.796

- pF Z C-LP-mt 0008 0016  0.031 0063 0.132 0318

Because of the limited range of inductance of on-chip inductors, as we can see
on the above table, the high-pass filter network of phase shift blocks 11.25, 22.5 and
45 degree requiring excessive large inductances which cannot be implemented
practically. Another approach is to use bandpass filter structure for leading phase

branches of those phase shift units.

1 — tan ¢21. ZZO(A)C
L= 3.2-1
2Cw? ( )

Equation 3.2-1 shows the relation between the values of L, C elements with phase
characteristic of the transfer function. Based on the above equation, inductance and
capacitance of L, C elements can be obtained correspondingly. The device
parameters are shown in Table 3.2-3.

Table 3.2-3 Element values used in phase units of 11.25, 22.5 and 45 degrees.

11.25° 22.5° 45°

G 6.75 13.5 27
¢ (rad) 0.117 0.235 0471
C(fF) 1000.0 650.0 300.0
L(pH) 79.7 100.7 231.1
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The summary of real values of the devices using in the phase shifter design is
provided by Table 3.2-4.

Table 3.2-4 The real values of L, C elements used in the design of phase shifter.

Unit Cell HP Filter LP Filter
L (pH) C (fF) L(H)  C(fF)
11.25° 80 1000 55 53
22.5° 101 624 110 86
45° 231 336 224 168
90° 1125 790 330 228
180° 796 272 796 336

The phase shifting cells are iteratively designed to achieve precise phase shift
levels through fine tuning the values of inductors and capacitors. To save the chip
area, spiral inductors are implemented on a top metal layer of aluminum whereas
metal insulator metal (MIM) capacitors from the process design kit (PDK) are
employed. All phase shift units are designed with passive structures simulated in the
full-wave electromagnetic (EM) simulator HFSS, as illustrated in Figure 3.2-2 for
11.25° and 22.5° phase shift units.

Figure 3.2-2 Passive parts of 11.25° (a) and 22.5° (b) cells used in HFSS.
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3.2.2 The design of SPDT and DPDT switches.

To perform the phase shifting function with the coverage of 360° and the step of
5.625°, the switching mechanism is required. Switches enable to configure the path
through phase shifting elements to produce the desired phase shifting level. This
phase shifter employs 2 SPDT (single pole double throw) and 4 DPDT (double pole
double throw) which circuit schematics are depicted in Figure 3.2-3 a) and b). For
SPDT (the left figure), series transistors My, M, perform the main switching
function. Shunt transistors Mz, M, are added with the purpose of improving the

isolation between different paths.

Figure 3.2-3 Circuit schematics of SPDT (a) and DPDT (b) switches.

In the design of SPDT and DPDT, the gate terminals are biased through a large
resistor R to reduce fluctuations of Vi;p and V5 of transistors due to voltage swings
at drain and source. This will keep the on resistance of transistors unchanged and
avoid excessive voltage across the gate dielectric which causes breakdown issue.
Because of the conductive silicon substrate of MOSFET devices, SPDT and DPDT
switches show a relatively high insertion loss. To alleviate this effect, double -well
body floating technique was applied. This technique also enhances the power
handling capability of the circuit. Taking advantage of the triple-well CMOS process,

the resistive body floating technique can be implemented simply by adding a large
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resistor to bias the bulk. For the same purpose of resistive gate bias, through the large
resistor, the bulk becomes RF floating that means its voltage will be bootstrapped to
the source and drain voltage. The triple-well process proves the advantages in terms
of noise, isolation and bulk control. Figure 3.2-4 shows the simplified cross-sectional

view of an NMOS transistor in triple-well CMOS technology.

PSUB S G D B DNW

:

P-well AA
—W— Deep N-well

P-substrate A

Figure 3.2-4 Tllustration of double body floating technique.

The regional p-well and global p-substrate are isolated by the deep n-well layer
introducing two other diodes: the diode formed by P-well and deep N-well, and the
diode formed by deep N-well and P-substrate. A strong input signal can make source-
body and/or drain-body diodes turn-on unintentionally, which cause linearity
degradation. To prevent this phenomenon, the body of the MOSFET device should
be floated at RF. By doing this, the body voltage is bootstrapped to the voltage swing
of the input signal. Body floating technique can be easily realized by biasing body
P-well through a large resistor. Making P-well floated at RF leads to another
unintentional turn-on the phenomenon with the diode formed by P-well and deep N-
well layer. Thus, the deep N-well should also be biased via a large resistor to make

it floated.
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Table 3.2-5 The device parameters used in SPDT and DPDT switches.

Device SPDT Device DPDT

My, M 130 u/0.06 u Mi~M, 130 u/0.06 u
(nf=26, m=2) (nf=26, m=2)

M3, M4 20 1/0.06 u (nf=20)  Ms~Ms 20 v/0.06 u (nf = 20)

Ly, L, 610 pH Li~Ls4 510 pH

Ci~C3 3.2 pF Ci~Cy4 3.2 pF

Table 3.2-5 lists all values of the devices utilized in SPDT and DPDT switches.
All the passive parts in the SPDT/DPDT switches were simulated in HFSS simulator

to examine the coupling effects of each inductor, as presented in Figure 3.2-5 a) and

b).
P1 P2 B 510 pH
Pl : et : 2
i
610 pH[ 4 | 610 pH Fiet
1 |
|
T 1 e 3
ME oy : |
" =y _ | 510 pH ||
(a) i (b)

Figure 3.2-5 Passive parts of SPDT (a) and DPDT (b) switches used in HFSS.

The performance of SPDT and DPDT switches is examined by standalone

simulation and summarized in Table 3.2-6 and Table 3.2-7 respectively.
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Table 3.2-6 Performance parameters of SPDT switch in phase shifter design

Frequency
Parameters

8GHz 10GHz 12GHz

Sa1 -1.59 -1.86 -2.32

Su -13.96 -14.6 -14.35

S2, -17.75 -22.78 -33.81

S3t -27.6 -24.96 -22.33
IP14a8 12.85 11.51 9.55
OP1a8 10.26 8.61 6.23

At 10 GHz, insertion losses of SPDT and DPDT are around 1.9 dB and 2.5 dB
respectively. Input and output return loss is higher than 12 dB over the range of

frequency from 8 GHz to 12 GHz.

Table 3.2-7 Performance parameters of DPDT switches in phase shifter design.

Frequency
Parameters

8GHz 10GHz 12GHz

S21 -2.18 -2.49 -2.93

Sn -14.59 -14.07 -12.48

S22 -14.68 -14.17 -12.55
Sa1 -29.25 -27.56 -26.37
Sa1 -28.56 -26.95 -25.83
IP14B 13.79 13.46 13.25
OP1aB 10.61 9.97 9.31

Because a DPDT (double pole double throw) switch has four different signal
paths, we need 2 bits to control each switch. These control signals generate gate
control voltages which will be applied to corresponding series and shunt transistors.

Table 3.2-8 is the truth table for each case of the signal going through DPDT switches.
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Table 3.2-8 Truth table of DPDT switch in the design of phase shifter.

Input Bits  Series switch controls Shunt switch controls
Path CiC: a  a as a4 b1 b2 b3 b4
Pito P2 00 1 0 0 0 0 0 1 1
P1to P4 01 0 0 1 0 0 1 1 0
Ps to P4 11 0 0 0 1 1 1 0 0
Ps to P2 10 0 1 0 0 1 0 0 1

The logic combination for generating transistor’s gate voltage can be easily obtained
based on the above truth table of a DPDT switch and shown in Table 3.2-9

Table 3.2-9 Logic combinations for control voltages in DPDT switches.

a a a3 a4
CiC; GG, GG, GG,
b1 b2 bs b4
] & [ [

Finally, the proposed 6-bit phase shifter covers the full range of 360 degrees with
the step size of 5.625 degrees. There are 64 phase shifting states, so it requires 6 bits
to properly control the operation. Again, we need to create the truth table in which
the input bits and expected output bits (to control the switches) are declared
accordingly. Being noticed that LSB phase shifting unit and SPDT switches need a
single bit while DPDT switches need a couple of bits for the control purpose. For the
detailed description of the truth table, one can refer to the attached excel file. The

results of the logic combination are shown in Table 3.2-10.
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Table 3.2-10 Logic combination of control signals for DPDT switches.

CTL_1 CTL_2 CTL_31 CTL_32
B, B, B, B,
CTL_41 CTL_42 CTL_51 CTL_52
B, B; B; B,
CTL_61 CTL_62 CTL_7 NA

B, B, B, NA

After designing at schematic level, laying out the circuit with real devices is

performed. To make efficient use of chip area, the phase shift chain is laid out as

captured in Figure 3.2-6.

Figure 3.2-6 The full layout of the phase shifter in Design 1.

After extracting parasitic and running the post-layout simulation, phase shift
characteristics in major states are shown in Figure 3.2-7. As can be seen, each phase

shift unit provides the proper phase as designed.
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Figure 3.2-7 The post-layout simulation of the

phase shifter in main phase states.

3.3 The design of attenuator

Figure 3.3-1 describes the proposed structure of digital controlled attenuator.

Bit 1(LSB) Bit 2 Bit 3 Bit 4 Bit 5 Bit 6(MSB)
I I I I I I
Control Block ]

RF IN D1 1 — ol

. -
! i
J 1
% %ﬁ% %—% %#DRFOUT
L < |
1
]

Figure 3.3-1 The block diagram of a 6-bit attenuator.

The detailed structure of a unit cell using in the attenuator design as shown in
Figure 3.3-2. The pi-type attenuator is utilized in this design instead of T-type
considering the range of resistance, which is possible to be fabricated in practical.
To perform the switching function between attenuation state and through states,
simple NMOS switches are used. Table 3.3-1 lists all the device parameters used in

each attenuation unit cells.
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Figure 3.3-2 The schematic a) and ON b), OFF ¢) models of attenuation cell.

Table 3.3-1 Device parameters used in each attenuation unit cells.

Att. unit M, M, R (Q) RAQ)
0.5dB  40w0.06p 411/0.06p 6.7 9.12k
1dB 400/0.06p 41/0.06p 15.2 3.04k
2dB 40/0.06p 411/0.06p 217 372.4
4dB 401/0.06p 411/0.06p 31.1 82.50
8dB 4011/0.06p 411/0.06p 78.5 335
8dB (16)  40p/0.06p 411/0.06p 81.3 335

Circuit layout has a significant impact on the performance of the RF integrated
circuit. Thus, as captured in Figure 3.3-3, to avoid performance variation caused by
layout parasitic, the attenuation chain is optimized in layout with signal paths formed

by CPW.

Figure 3.3-3 Circuit layout of the attenuator in Design 1.
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After extracting parasitic and running the post-layout simulation, phase shift

characteristic in major states are shown in Figure 3.3-4.

0.5dB ——8dB E

Atten. Level [dB]
>

8 9 10 1 12
Frequency [GHz]

Figure 3.3-4 The simulated attenuation levels in

main attenuation states.

3.4 The Bi-Directional Gain Amplifier (BDGA)

To provide the bidirectional operation for transmitting and receiving RF signals,
each distributed stage is made up of two cascade transistor pair. Each branch takes
responsibility for amplifying signals in forward and reverse mode respectively.

Figure 3.4-1 shows the circuit schematic of the conventional BDGA.

Lo/2 Lo Lp Lp LD/Z%
o0 O - (0 10O RF
Cs Ca Cy Ca
Ry
ol Rs " M“r Re Rs T | Re Ro y M“r Ro Ro T | Re
1 W , F D—\MET| My M D—w«;—l—' 3 D—\M«;Z—l—' My My

3 1 T 1 1 1 + 1
Cs C3 C Cs =
S IL%:G i SRS |L¢;,;_o o SR IL;;:—G i SUUS IL{;E—G IcT
Ry
RFjy D—1 G T G — G 0 & ms‘j
Lg L2 ks L ks Le/2

Four Stages

Figure 3.4-1 Circuit schematic of conventional BDGA with 6 stages of gain cell.
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It consists of 6 stage cascode transistor pair (M to M4, gate and drain inductors
(Lgand Lp), 50 Q termination resistors, and RF choke inductors (L. ). Using cascode
configuration provides some benefits such as better high-frequency response or high
gain-bandwidth and simpler biasing. The mechanism to control the operational
direction of the amplifier is set by activating one of the cascode transistor pair, which
can be done by changing the bias voltages applying to gate terminals. For instance,
in forward operation, transistor M; and M, are ON in saturation region and the
transistor M5 and M, are OFF. The shunt capacitances at the input are comprised of
the gate capacitance of M, in saturation and drain capacitance of M5 in off, which
along with gate inductances L /2 form the artificial transmission line. By properly

choosing MOSFET device sizes and inductor values, its characteristic impedance is
. ’L ,L :
approximately expressed as Z, = C—G = C—D can achieve 50 Q). As a result, the
G D

circuit demonstrates wideband frequency response with better input and output
return loss. To supply for the circuit in both operating modes, forward and backward,
there are two VDD connecting at two ends of the amplifier. The capacitor at the gate
of input transistor isolates its gate bias voltage from VDD. All bias voltages are
provided through 30 kQ resistors as shown in the figure.

The circuit layout of the BDGA captured in Figure 3.4-2 is optimized to be more
compact to effectively reduce the effect of layout parasitic causing deteriorating on

circuit performance.

28



Frifiain]
:
S ol [t
e

==

s ==
— el
78

2

T

Figure 3.4-2 Circuit layout of the BDGA in Design 1.

After extracting parasitic and running the post-layout simulation, the main
performance parameters of the BDGA circuit are shown in Figure 3.4-3 and Figure
3.4-4. For standalone simulation of BDGA in Design 1, as the nature of conventional
BDGA structure whose gain is limited to be lower than 10 dB, simulated gain
approximates to 9 dB at 10 GHz. The circuit also has Input and output return losses
better than 10 dB, along with 5.7 dB of noise figure and over 60 dB of isolation
coefficient. Regarding output/input power characteristic, depicts the output/input
curve as well as 1 dB compression line. From the graph, it’s observed that the BDGA

block in Design 1 provides 4.95 dBm of OP1dB.
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Figure 3.4-3 The Simulated S-parameters Figure 3.4-4 The simulated OP1dB of the
of the BDGA in Design 1. BDGA in Design 1.
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3.5 Full chip layout

The circuit layout of the whole chain of T/R modules in the first design as shown in

Figure 3.5-1.

Figure 3.5-1 The full chip layout of the TRM in Design 1.

The system layout includes:

(1) SPI scan-chain (4) 6-stage BDGA (7) 5-bit Attenuator
(2) Bias block (5) 6-stage BDGA (8) 1-bit Attenuator
(3) 2-stage BDGA (6) 6-stage BDGA (9) 6-bit Phase Shifter
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3.6 Measurement results of the T/R module in Design 1

& 3l

BIAS CIRCUIT

a) b)

Figure 3.6-2 The block diagram of a) S-parameter and b) power measurement

setup.

Figure 3.6-1 shows the microphotograph of the realized X-Band bi-directional
T/R module fabricated in 65 nm CMOS process. The chip occupies an area of 3.92

x 2.44 mm? including pads. All the measurements were performed with on-chip
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probing. Figure 3.6-2 a) and b) show the block diagram of the test facility in the
measure of S-parameter and power respectively. In this setup, A 64-bit SPI scan-
chain is used for controlling each block. The equipment used for measurement is as
follows: Agilent E4407B spectrum analyzer, Keysight DSO-X 6002A digital
oscilloscope, Keysight N5224 A network analyzer, Agilent 83623B signal generator,
and Agilent B2902A power supply. Figure 3.6-3 presents the measured S-
parameters of the fabricated TRM at the reference state in which both phase shifter
and attenuator blocks were set to zero. The transmission gain of the entire chain was
around 3.8 dB at 10 GHz, which corresponds well with the simulation. The measured
input (S11) and output (S»2) return losses were higher than 10 dB, and the isolation
(S12) between Tx and Rx was better than 60 dB over the entire X-band. As depicted
in Figure 3.6-4, the measured NF is about 10 dB at 10 GHz. The measured results of
gain and output power of the fabricated TRM at different frequencies are shown in
Figure 3.6-5. As can be seen, output P1dB was 5.13 dBm at 10 GHz satisfied the
initial specification of the target application. The total DC current consumption was
142 mA with a 1.2 V supply voltage, which was mainly by the BDGAs. Figure 3.6-6
shows the measured result of the AM/PM conversion of the fabricated TRM at
different frequencies. As can be seen from the graph, phase distortion is around 10°

when input power approaches IP1dB.
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Figure 3.6-3 The measured S-parameters of the

implemented TRM.
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Figure 3.6-5 The measured gain and

output power at different frequencies.
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Figure 3.6-6 AM/PM conversions of the fabricated
TRM at different frequencies.
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Figure 3.6-7 shows the measured relative phase shift of the fabricated TRM in
all 64 phase shift states. The system has capability to create a phase shift ranging
from 0-360° with a minimum step of 5.625° at 8—12 GHz. Figure 3.6-8 demonstrates
the correlation between the measured phase responses and the desired values at 10
GHz. To examine qualitatively the phase shifting performances of the implemented
T/R module, the RMS values of phase and amplitude errors are provided. The RMS
phase errors were lower than 4° from 9—11 GHz whereas the RMS amplitude error
was smaller than 0.9 dB from 9-11 GHz, as depicted in Figure 3.6-9. Figure 3.6-11
presents the relative attenuation levels of the fabricated TRM in all 64 attenuation
states after setting the phase shifter to default state. The system can provide an
attenuation up to 31.5 dB with a minimum step of 0.5 dB at 8-12 GHz. Figure 3.6-12
presents a comparison between the measured amplitude levels and the expected
values at 10 GHz. The RMS phase and amplitude errors in all the attenuation states
at zero phase states are shown in Figure 3.6-10. From the graph, the measured RMS
amplitude error was around 0.5 dB at 10 GHz while the RMS phase error was below
8° at 9-11 GHz. The phase errors over all phase shift states and attenuation errors
over all attenuation levels at three different frequencies are presented in Figure

3.6-13 and Figure 3.6-14 respectively.
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Table 3.2-1 provides the comparison of the measured performance of the

implemented TRM with some published works in various device technologies. It

demonstrates that the proposed TRM has the lowest power consumption with

comparative performances.

Table 3.6-1 Performance comparison of TRMs for X-band phased array.

2] [14] [18] This work
Technology SiGe SiGe CMOS CMOS
BiCMOS BiCMOS 0.18pum 65nm
Frequency range (GHz) 8-11 8-11 8.5-10 8-10.5
Phase range/ step (deg) 360/11.25  360/11.25  360/5.625  360/5.625
Atten. range/ step (dB) 15.5/0.5 31/1 31.5/0.5 31.5/0.5
Insertion gain (dB) 17 20 12 3.7
RMS phase error (deg) 6 6 2 4
RMS amplitude error (dB) 1 1.5 0.25 0.5
Output P1dB (dBm) 12 18 11 5.1
NF 9 9 8.5 10
Power consumption (Watt) 0.8 1.5 0.67 0.17
Chip size (mm?) 3.9x4.1 3.5%x2.4 4.4%x2.9 3.92 x2.44
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Chapter4 THE T/R MODULE WITH THE

CASCADED BDGA

4.1 System configuration

Tx(in)o ‘E §| ® ‘E E| § %Tx(out)
Rx(out) Rx(in)

BDGA PS BDGA ATT. BDGA

Figure 4.1-1 The configuration of the proposed TRM in design 2.

Figure 4.1-1 illustrates the second design of the T/R modules. The structure
consists of a phase shifter block, a bit-control attenuator, and BDGAs. Similarly, the
phase shifter is placed between two BDGAs to achieve better input and output return
losses, resulting in a reduction of phase and amplitude variation in all phase shift
states. Attenuator block is made up of several attenuation unit cells which are
interspersed with BDGA blocks to diminish loading effect which causes an unusual
step in attenuation states. There are just three BDGAs employed in Design 2
compared to Design 1. They are designed with a new structure which can provide
better performance for the system as discussed below.

4.2 The new structure of BDGA

Conventional BDGA shows the limitation on gain due to not only the loss of
artificial transmission lines but also the additive gain mechanism. To overcome this

bottleneck, the cascaded BDGA shown in Figure 4.2-1 has been proposed.

37



Vop 1
Lc
T)(()UT LD/ 2 L]) LD
D—

o
INHL—&
ow ]

00 000
| ¥ |
T
Mz TMZ I
| M 1| M
M] = D—‘MI| =
000

LG/2 LG LG
3 M; T

Lo/2 Lo

—w—]
7

Lc

D000

Lc

000
< <
g g
- =
EE
=]
[
=

7000 7000 7000
o
Tor Ty | oIy
B Il M Il m &
MTJ%MZ MT M, <
TXn Ry
D—| T Ui U
RXour Lg12 Lg Lg Le

Figure 4.2-1 The schematic of proposed BDGA in Design 2.

The circuit is composed of two 2-stages BGAs at two ends and a gain-boosting
stage at the middle. With the basic concept similarly to conventional BDGA, on-chip
inductors and parasitic capacitances of transistors form the input and output artificial
transmission lines which make the circuit broadband operation. Because of the
cascade connection between three stages, the circuit takes advantage of the
multiplicative gain mechanism. The voltage gain of cascaded BDGA can be

expressed as:

Zo Zo
Ay = Ayy X Ayy X Ay = 2 (9m1 7) X (GmaZo) X 2 (9m3 7) (4.2-1)
The number of gain cells in 1 stage and 3™ stage is chosen equal to 2 considering

chip area which is comparable with existing conventional BDGAs. If the building

elements of all three cascaded stages are made the same, even though the gain can
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be significantly improved, the circuit will introduce output power limitation. Hence,
the 1% stage employs a cascode transistor configuration which is better for gain
production while 2™ and 3™ stages are made up by a single transistor in common
source configuration demonstrating improvement on output power. The detailed

structures of each cell are depicted in Figure 4.2-2 a) and b).

P,

C
Ve CAS M,
CZI _ Vezcs Ve cs Vaz_cs
Ve_ cs M, |Ms

b)

Figure 4.2-2 The circuit schematics of a) gain cell and b) gain boosting cell.

Value of the devices used in unit cells are shown in Table 4.2-1.

Table 4.2-1 Device parameters used in BDGA in Design 2.

2-end cells Middle cell
My 80W0.06p Ci  1.6pF Mi  80p/0.06p Ci 814fF
M,  1284/006p C:  820fF M:  80p/0.06p C 814fF

M3 80w/0.06p G 460fF

The asymmetry of the unit gain cell does not affect the bidirectional function of
the circuit. As can be seen in Figure 4.2-1, the forward and backward paths are totally
identical. Figure 4.2-3 shows the microphotograph of the new structure BDGA. For
standalone simulation of BDGA in Design 2, taking advantages of multiplicative
gain mechanism compared to additive one in the previous version, new BDGA has

such a high gain of more than 14 dB at 10 GHz as shown in Figure 4.2-4.
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Figure 4.2-3 The microphotograph of the proposed BDGA in Design 2.
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Figure 4.2-4 The simulated S-parameters Figure 4.2-5 Input/output power

of the BDGA in Design 2. characteristic of the BDGA in Design 2

The circuit also has input and output return loss better than 10 dB over the range

of frequency from 8§ to

isolation coefficient.

12 GHz, along with 7.8 dB of noise figure and over 60 dB of

As mentioned in the previous section, the imbalanced structure of the BDGA

unit cell with common

source instead of cascode configuration at output stages can

provide benefits in terms of output power level. Simulation results shown in Figure

4.2-5 can demonstrate

for this observation. As can be seen from the graph, OP1dB

achieves such a high value of 7.54 dBm at 10 GHz.
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4.3 Full chip layout

The circuit layout of the whole chain of T/R modules in the first design as

shown in Figure 4.3-1.

1:5PIscanchain  5: BDGA
2: Bias 6: 6-bit Phase-shifter

- 3:BDGA 7: Bias
gﬁ 4: 6-bit Attenuator 8: BDGA
JiEi=g B p2

Figure 4.3-1 Full chip layout of the T/R modules in the second design.

Table 4.3-1 describes circuit improvements between TRM modules in Design 1 and

Design 2.
Table 4.3-1 Comparison table between Design 1 and Design 2.
Block Design 1 Design 2
- Conventional structure with - Enhanced structure with gain
cascode configuration. boosting stage at the middle
- Low gain because of the cascading with 2 conventional
BDGA additive gain mechanism. Low BDGA taking advantage of the

output P1dB due to the nature multiplicative gain mechanism.
of cascode structure at the -Imbalanced unit cell to improve

output. Output P1dB.
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Phase

- Fine-tuning L, C elements to

Shifter reduce phase errors.
- Single NMOS switches.
- Single NMOS switches with a
- High amplitude error because
self-biasing mechanism
of wvariation in NMOS
Attenuator - Reducing amplitude error and
operating condition.

- Limitation in power handling

capability.

increasing

capability.

power  handling

S-parameters [dB]

4.4 Simulation results of the whole chain of Design 2
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Figure 4.4-1 The simulated S-parameters Figure 4.4-2 The simulated OP1dB of the

of the TRM in

Design 2.

TRM in Design 2

Post-layout simulations are performed with parasitic extraction netlist of the

circuit, and the results are shown in Figure 4.4-1 . As can be seen, the system reaches

higher than 16 dB of gain at 10 GHz as well as better than 10 dB of input/output

return loss over a frequency range of X-band. Noise figure is about 12 dB at 10 GHz

while isolation coefficient is higher than 60 dB from 8 to 12 GHz. These results prove

the certain enhancement of Design 2 with respect to Design 1. Regarding

input/output power characteristic of the entire T/R module in Design 2, as depicted

in Figure 4.4-2, output P1dB of the system is 6.25 dBm at 10 GHz.
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Figure 4.4-5 Simulated differential phase Figure 4.4-6 Simulated integrated phase
errors at 9-11 GHz in Design 2. errors at 9-11 GHz in Design 2.

Figure 4.4-3 shows the relative phase response of the T/R module in Design 2 in
total 64 phase shift states. As can be seen, the system has the capability to generate
a phase shift ranging from 0 to 360 degrees with a step of 5.625 degrees over a range
of frequency from 8 to 12 GHz. Regarding phase shift error, Figure 4.4-4
demonstrates the correlation between the relative phase shift at some specific

frequencies including 9 GHz, 10 GHz, and 11 GHz and the expected line.
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Figure 4.4-7 Simulated relative atten.
levels of the TRM in Design 2.

Figure 4.4-8 Simulated attenuation levels

at9, 10, and 11 GHz in Design 2.

More details about the errors are given in Figure 4.4-5 and Figure 4.4-6 which

illustrate the differential and integration errors respectively. As can be seen from the

graph, at 10 GHz, differential errors are below 3° while integration errors are less

than 4° for all phase shift states. RMS phase and amplitude errors are also improved

with respect to Design 1. It can be observed from RMS phase errors are less than 4°

from 9.5 GHz to 11.5 GHz while RMS amplitude errors are below 0.75 dB from 9.5

GHz to 12 GHz.
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Figure 4.4-9 Simulated differential

attenuation errors in Design 2.
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errors in 64 phase states of Design 2.  errors in 64 attenuation states of Design 2

Figure 4.4-7 depicts the total 64 states of relative attenuation when the phase
shifter block is set in the reference state. The graph shows the better performance
compared to the T/R module in Design 1. The distribution of 64 attenuation states is
almost uniform over the range of frequency ranging from 8 GHz to 12 GHz. The
enhancement in terms of attenuation error can also be observed from Figure 4.4-9
and Figure 4.4-10. Three lines in representing relative attenuation levels as 9 GHz,
10 GHz, and 11 GHz respectively as varying input control bits are well matched with
the ideal line. Qualitatively, differential attenuation errors are below 0.2 dB in all
states while integration errors are less than 0.5 dB in all states at 10 GHz. Finally,
the RMS phase and amplitude errors in 64 attenuation states of the T/R module in
Design 2 can be examined via Figure 4.4-11 and Figure 4.4-12. RMS amplitude
errors are less than 0.5 dB from 9.5 GHz to 12 GHz while RMS phase errors are

below 8° over the frequency range from 8 GHz to 12 GHz.
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4.5 Performance comparison between Design 1 and Design 2

Table 4.5-1 describes the performance improvements of Design 2 with respect

to Design 1.

Table 4.5-1 Performance comparison between Design 1 and Design 2.

Design 1 Design 2
Gain [dB] 4.68 16.87
Input/Output return loss [dB] 16.46/12.63 13.21/11.77
NF [dB] 8.54 12.76
Output P1dB [dBm] 4.95 6.25
All Diff. Error < 4° @ 10 GHz < 3°@ 10 GHz
Phase Integ. Error < 8°@ 10 GHz < 4° @ 10 GHz
shift RMS phase error <4°@9-11.5 GHz < 4°@9.5-11.5 GHz
states

RMS amplitude

error

< 0.75dB @ 10-12

GHz

< 0.75dB @ 9.5-12

GHz

All atten- Diff. Error

< 0.5dB @ 10 GHz

<0.2dB @ 10 GHz

uation states  Integ. Error

<1dB @ 10 GHz

<0.4dB @ 10 GHz

RMS phase error

< 10° @ 8-12 GHz

< 8° @ 8-12 GHz

RMS amplitude

error

<0.75dB @ 9-11

GHz

<0.7dB @8-12

GHz

DC current

142 mA

217.4 mA
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Chapter 5 CONCLUSION

In this work, I proposed the structure of CMOS based T/R chipset with the phase
coverage of 360° and the LSB of 5.625° and attenuation range of 31.5 dB with a
step size of 0.5 dB. Double-well floating technique was used to eliminate the loss
caused many switched NMOS devices employed in SPDT and DPDT switches. The
technique also improves the power handling capability of the circuit. Bi-directional
gain amplifiers compensating the loss through the attenuator block with new
structure provide adequate voltage gain and satisfy the requirement of output power
for the entire system. New BDGA structure consists of two 2-stage conventional
BDGA cascaded through the middle stage. By taking advantage of multiplicative
gain mechanism compared to the additive gain mechanism, the proposed BDGA in
this work provides higher than 10 dB of gain which is the limitation in the
conventional design. In addition, the unit cell in the proposed BDGA is made
imbalanced, which employs the simple common source structure at the output stage.
This configuration can improve the output power of the amplifier up to 7.5 dBm even
with 1.2 V of the supply voltage.

In the future, I plan to do more research to improve phase and attenuation errors.
The power consumption of the entire system should also be decreased to meet the

requirement of low power applications.
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APPENDIX

A. The equations for calculating L, C elements in third order filters

- High-pass/Low-pass T-type topology

Z
A=1+=L=1+2Y,
o— Z1 Z2 —O Z,

yAVA
73 B=Z+27Z,+ '22:ZI+22+ZIZZY3
3

C=v,

O O 7
D=1+=%:=1+2)Y,
Z3

From ABCD to S-parameter conversion, we have:

2 2

A+§+CZO+D 1+ZIY3+ZI+ZZ+ZIZZY3

0 ZO

+Y,Z,+1+ 2,7,

To substitute z, =2,/ Z,,z, =2,/ Z,,y; =Y,Z, we have:

2
S21:1
+zy,tz +z,+ 22,y + Y, 142,
2
S21=2
+z,+z, +y,(I+z +2,+zz,)
2 2

S = =
*2424X + B (1+2/X,-X?) 2(1-X,B)+j(2X,+B, - X’B)
2X,+B,—X'B,

tang =— 1
’ 2(1-X,B,) ()
A+§—CZO—D B
S, = 2 =0=>—=CZ,=>B=CZ, > Z,+Z,+Z,2,Y, =Y, 7}
B Z
A+Z—+CZO+D 0

0

To substitute Z; = Z] /ZO,ZZ = 22 /Zo,y3 = Y320 we have:
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zZ+z, . 2jX
Z 4z +zZ ), =), =), = =/B=—"""_—=B=

To substitute (2) into (1) we have

tan ¢ = 22X”1 = (tang) X’ -2X, —tang =0

n

High-pass T-network (0 < ¢ < 90°)

Z Z
JjB,=—"~-=B =——%-<0
joL oL
2X
B =—"" =—_sing=>—-——2L=—sin
T+ X ¢ 4
=L= Z"’
wsin ¢

Low-pass T-network (-90° < ¢ < 0)

ol L
X, =L x, =250

n
0 0

X :1_— VlHanz¢ :_tanﬁgj:a)_l’ :_tan££)

=

! tan ¢ 2 ) 2
:Lz—étan(ﬁj
@ 2
JjB,=joCZ, = B, = oCZ,
2X, . . i
=B =—2 :—sm¢5:a)CZO:—s1n¢5:>C:—M
I+X, wZ,

n
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- High-pass/ Low-pass mt-type topology

Y.
A=1+Y—2=1+Y223

3

O Y3 O

B=1-7,
Y3

Y Y.
C=Y,+Y,++2=Y,+Y,+YY,Z,
Y.
o o) v ’
D=1+Y_‘=1+YIZ3

3

From ABCD to S-parameter conversion, we have:

2 2
Sy = =

B y %
A+Z—+CZ0 +D 1+YZZ3+Z—3+(Y1 +Y, + Y\ Y,Z,)Z,+1+ Y, Z,

0 0

To substitute | = leo,yz i YzZan3 = Z3 /Zo we have:

2
1+ y,z, vz + 3, + Y, + Y V,2, +1+ 2,
_ 2
24y +y,tz (1t y + 3y, + y ;)
_ 2 B 2
2+2jB, +jX,(1+2jB —B) 2(1-X,B)+j2B,+X,-B.X,)
2B, +X,-B X, )
2(1-X,B,)

A+§—CZO—D 3
S, = BO =0=>—=CZ,= B=CZ;
A+Z—+CZO+D Zy

0

Szl =

21

21

tang =—

+
:Zf4z+g+gggﬂ@:%+%+%%%:;FD%:XLJL
l_ylyZ
2/B

n

2B
= jX S

=——rr =X, = 2
" 1-(jB,)’ " 1+Bj()
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To substitute (2) into (1) we have:

tan ¢ = 2B"1 = (tang)B. —2B, —tang =0

2

High-pass m-network (0 < ¢ < 90°)

Z

—Z
JB=—-=>B =—%<0

JjoL oL

B :1_— “1+tan2¢:_tan(¢j:>__zo _tan(éj:L:A

" tan ¢

=

2 [0)h

an - 1 n <0
JjoCZ, wCZ,
X, = 2B”2=—sin¢:>— =—sing=>C= 1
1+ B, 5 Z,osin ¢

Low-pass m-network (-90° < ¢ < 0)
jB, = joCZ,= B, =wCZ, >0

N 1—\/1+tan2¢ :_tan(gJ: wCZ, :—tan(%j

! tan ¢
tan(gj
S C=— 2/
wZ,
jx, =20k x oL
0 0
B ) . 7 si
= X, = 2 ”2=—s1n¢:>6()—]J=—51ng15:>L=—Ln¢
1+ B’ Z, o

- Bandpass filter topology

ABCD matrix for the above structure is described as the below.
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A=L,B=Z7+7Z,+7Z;C=0;D=1

¢ 2 ~ 2
21 -
A+ B icz oD 2HFLtS
ZO ZO
~ 2 ~ 2
_ _ :
PLo—d 5, 2LC0 ]
2+7Ca) Z,oC
ZO
_ 2
— tang, = 2LV tan g, 27, 0C=1-2LCF
2Z,0C
e 1—tan¢21.2220a)C
2Cw

B. Explanation of gate bias resistor

C \
= 1 e’ xV,, ¢=tan” 1
1 R.Co
1+ R2 22
G C

If Rg is not present (R; = 0), V; = 0, Vi fluctuates with input swing and hence

Roy fluctuates. On the other hand, if the value of R; is very large, it leads to V; =

Vs and V;5(AC) = 0, thus Ryy is kept unchanged. R; = 10 kQ is chosen in the

design.
C. Equations for choosing attenuator elements

For typical m-type 2-port network, transmission (ABCD) parameters are

expressed as below:
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O Y3 O A=1+£, :i’
3 Y

Y1 Y2 C:YI+YZ+Q,D:1+£

7 Y

O O

From the conversion between transmission parameter (ABCD) and scattering
parameter (S-parameters), Sz1, S11 and Sx are given by:

g - 2 o _A+B/Z,~CZ,-D o _-A+BIZ,~CZ+D
B A+Z£+CZO+D’ " A+B/Z,+CZ,+D" " A+B/Z,+CZ,+D

0

In case the structure is symmetrical (i.e. Y; = ¥>) and assuming impedance matching
at input and output ports of the 2-port network, Si; and S», are equal to zero or in
other words,
Y’ 1-Y’Z,
E:CZO @L: 2+ Z, oY =—71>"
0 370 Y3 2YIZO

Replacing Y3 as a function of Y1 and Z, into the expression of transmission coefficient

. , _ l_leo rd 1
Sa1, it becomes: Sy, = . In reference state, ¥, =————, then
1+Y,Z, R, +Z,,
s B R, +Z,, 2 R, +Z,,—2,
21 _ref — i’
1o %o Ry +Z,;) +Z,
R,+Z,,
With Z,5, =1/ jaC,;,, then
_ 1+ ja)Cfoz (Rz - Zo) ‘ _ 1+ wzcjﬁ“z (Rz - Zo)z .
B joC, (R +Zy) T 1+ 0’ (R + Z,)

byt v = tan™' [a)Coff2 (R, - ZO)] —tan™ [a)CQm (R, +ZO)]
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1

Inversely, in attenuation state, ¥; =———— then
RZ +R0n2
_ L
S _ R2+Ron2 _R2+R0n2_ZO
21 att — -
1+ ZO RZ + RonZ + ZO
RZ + RonZ

. . 1 :
Insertion loss can be defined as the below equation: /L = ZOIOgW. Applying to
21

the reference state and attenuation state, they are:

1+0’C?, (R, +Z,) R +R
5 (;ffZ( 2 0)2 ;ILanzzolog 2+ on2
I+ 0°C,,(R,—Z,) R, +R

on2

+Z,

IL . =10lo
ref g ZO

The difference of the insertion losses between attenuation state and reference state

or attenuation level of the unit cell (in a unit of dB) is defined as:

14+ @*C% (R. +Z.)*
A:ILatt_ILref:zologm_l log 2 szfz( 2 0)2
R2+Rgn2_Zo 1+w Coﬁ’z(Rz_Zo)
A=10lo R2+Ron2+ZO 21+a}2cjff2(R2_Zo)2
= R,+R,,-Z, 1+a)2ij(R2+ZO)2

[Rz +R,,+Z, ]2 1+ a)zcjffz (R,~Z,)’ _ 1040
R,+R,,—-Z,) 1+0°C,(R, + Z,)

The equation above demonstrates the relationship between the relative attenuation
level of a unit cell and circuit parameters, expressed in terms of shunt devices. On-
state resistance and off-state capacitance are known for the chosen NMOS switches,
according to the attenuation level of the unit cell, denoted by A, the resistance for the

shunt branch can be easily calculated.

The dependence of series branch devices on shunt branch devices is pointed out in

-Y’Z,
L=0  In reference state, ¥; =—+—— and

the above equation, that is ¥; =————
2Y 7, R,

onl
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R, +7Z
Y, =———— the relation becomes: 1.5 Zoﬁ - ! !
RZ +Zoﬁ2 Rl 2ZO 2(R2 + Zoff2) Ronl
o : 1 1
Similarly, in the attenuation state, Y; =—+ and ¥, =——
1 off1 R, +R,,

R 27> 2AR+R,) Z,

Il R +R, | 1
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