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Abstract

Next Fifth-generation (5G) wireless technologies enabling ultra-wideband spectrum
availability and increased system capacity can achieve multi-gigabit/s (Gbps) data rates
suitable for ultra-high-speed internet access around the 60-GHz band (i.e., Wi-Gig Tech-
nology). This mm-wave band is unlicensed and experiences high propagation power losses.
Therefore, it is suitable for short-range communications and requires antenna arrays to sat-
isfy the link budget requirements. Half-duplex reconfigurable phased-array transceivers re-
quire wideband, low-cost, highly integrated front-end circuits such as bilateral RF switches,
low-noise/power amplifiers, passive RF splitters/combiners, and phase shifters implemented
in deep sub-micron CMOS.

In this dissertation, analysis, design, and verification of essential CMOS front-end com-
ponents are covered and fabricated in GlobalFoundries 45-nm RF-SOI CMOS technology.
Firstly, a fully-differential, single-pole single-throw (SPST) switch capable of high isola-
tion in broadband CMOS transceivers is described. The SPST switch realizes better than
50-dB isolation (ISO) across DC to 43 GHz while maintaining an insertion loss (IL) below
3 dB. Measured RF input power for 1-dB compression (IP145) of the IL is +19.6 dBm,
and the measured input third-order intercept point (IIP3) is 4+30.4 dBm (both assuming
differential inputs at 20 GHz). The prototype has an active area of 0.0058 mm?. Secondly,
a single-pole double-throw (SPDT') switch is implemented using the SPST concept by us-
ing a balun to convert the shared differential path to a single-ended antenna port. The
SPDT simulations predict less than 3.5-dB IL and greater than 40-dB ISO across 55 to
65 GHz frequency band. An IP45 of +21 dBm is expected from large-signal simulations.
The prototype has an active area of 0.117 mm?. Thirdly, a fully-differential switched-LC
topology adopted with slow-wave artificial transmission line concept, and phase inversion
network is described for a 360° phase shift range with 11.25° phase resolution. The average
IL of the complete phase shifter is 5.3 dB with less than 1-dB rms IL error. Furthermore,
the IP14p of the phase shifter is +16 dBm. The prototype has an active area of 0.245
mm?. Lastly, a fully-differential, 2-stage, common-source (CS) low-noise amplifier (LNA)
is developed with wideband matching from 57.8 GHz to 67 GHz, a maximum simulated
forward power gain of 20.8 dB, and a minimum noise figure of 3.07 dB. The LNA consumes
21 mW and predicts an OP14p of 4.8 dBm from the 1-V supply. The LNA consumes an

active area of 0.028 mm?.
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Chapter 1

Introduction

Among the requirements for next-generation wireless systems (for both cellular and wireline
access), achieving multi-gigabit /sec (Gbps) data rates is a priority. Millimeter-wave (mm-
wave) wireless technologies have been proposed to achieve this goal using the 28-GHz [1]
and 60-GHz [2] bands. The use of mm-wave bands for next-generation wireless systems
offers the advantage of ultra-wide bandwidth (i.e., 10% to 20% bandwidth as a fraction of
the operating frequency f,), spectrum availability, and increased channel capacity.

These benefits come at the expense of greater system complexity, particularly in terms of
radio-frequency (RF) front-end circuit and antenna design. However, recent advancements
in mm-wave wireless systems [3] [1] have the potential to reduce cost in volume production
that could overcome these challenges. The 60-GHz band is selected for this work because
data communication in this band is standardized by the IEEE 802.11ad protocol [5].

1.1 Multi-Gbps Motivation

The emerging fifth-generation (5G) of wireless technology includes, but is not limited to,
advances in higher data transfer speeds, greater capacity, and lower latency. Moreover,
it should be capable of supporting billions of connected devices and things via the in-
ternet. Figure 1.1 shows trends driving the next generation of radio applications. The
supported data rates range from a few kilobits/sec (i.e., less than 1 Mbps) for ultra-low-
energy machine communications, to multi-Gbps rates (i.e., greater than 5 Gbps), targeting
ultra-high-data-rate access. To fulfill the demand for a wide range of data rates, a wideband
operation is required from the radio circuits.
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Figure 1.1: 5G technology potential application trends with target data rates/latency [0]

Figure 1.2 shows the wireless spectrum for the established standards as well as potential
mm-wave applications. The ISM bands in the sub-6 GHz range offer relatively narrow
bandwidth compared to the mm-wave frequency bands above 10 GHz. Multi-Gbps data
rates can be achieved when mm-wave technologies are employed. Furthermore, mm-wave
frequencies enable the reduction of hardware size as the frequency increases, opening up the
possibility of higher system integration on a silicon chip. A silicon system-on-chip (SoC)
for 60-GHz WiFi (known as WiGig) is an enabling technology to fulfill the high data-
rate demand, that could migrate to other frequency bands targeting other applications
if it proves feasible. As silicon technologies evolve, larger bandwidth/data-rates can be
achieved beyond 100 GHz (sub-THz range) enabling new wireless technologies (e.g., radio

imaging) and applications in the future.
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1.2 mm-Wave Path-Loss Propagation Models

Figure 1.3 [8] shows sea-level atmospheric losses across different mm-wave frequencies.
The atmospheric absorption of energy at different microwave frequencies [9] [10] provides
transmission windows suitable for long- and short-range communications. The window
at 35 GHz has been adopted for commercial satellite communications. Other windows
at 90/140/220/345 GHz are also suitable for long-range communications. On the other
hand, there are attenuation peaks located at 60/119/183/325 GHz, which constrain com-
munication in these bands to only short distances. Unfortunately, some of these frequency
windows are not available for commercial use. However, the 60-GHz band (57-66 GHz),
also known as V-band, is unlicensed and provides standardized wideband channels (via
IEEE 802.11ad) that can be used for Gbps data rates.

Figure 1.4 shows an evaluation of different path loss models from [11] for the 60-GHz
band in urban areas assuming that the user equipment (UE) height is 1.5 m. The non-line-
of-sight (NLOS) transmission loss is higher than that of line-of-sight (LOS) transmission.
It can be seen that the breakpoints in the path loss models depend on the base station
(BS) height. In the 60-GHz band, the T-R separation is limited to 10 m to 100 m. Thus,
the propagation loss for this band is around 100 dB to 140 dB.
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1.3 60-GHz Spectrum Requirements

The objective of this work is to investigate the feasibility of implementing hardware in
silicon for use in the 60-GHz band. The performance of the circuits should satisfy the
requirements of the wireless standard. The IEEE 802.11ad protocol standardizes the unli-
censed 60-GHz band for wireless local-area networks (WLAN) [5]. Since the propagation
loss at mm-wave frequencies is relatively high (see Fig. 1.4), multi-Gbps data rates (e.g.,
for multimedia applications) are only achieved for short-range communication (i.e. 10 m
to 100 m Tx-Rx separation). Hence, the deployment of several wireless access points in a
given area (i.e., route diversity) is essential for a reliable link.

Figure 1.5 [5] shows the spectral mask for a transmitter. The maximum allowed band-
width is 2.4 GHz, however, the flat bandwidth at peak output is 1.88 GHz. The unlicensed
bands available globally are shown in Fig. 1.5(b). A total of 4 channels are defined be-
tween 57 GHz and 66 GHz. In North America, 7-GHz of unlicensed spectrum is available
between 57 GHz to 64 GHz.

A total of 25 different modulation and coding schemes (MCS) are supported in the
standard, consisting of single-carrier (SC) and orthogonal frequency-division multiplexing
(OFDM) signaling schemes. The SC modulation schemes are BPSK, QPSK, 16- and 64-
QAM. The maximum achievable data rates from the different MCS range from 27.5 Mbps
up to 6.75 Gbps.
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1.4 Technology Selection for mm-Wave Applications

Among different silicon technologies available, high RF /mm-wave performance with a mar-
gin for process, temperature and supply (PVT) variations is essential for the development
of reliable integrated mm-wave wireless transceivers for communications. Figure 1.6 shows
peak f; and fi,q. values [12-19] for technologies developed for RF /mm-wave applications
in the last 10 years. A detailed survey of RF/mm-wave/THz silicon technologies is found
in [15].

Technology choice depends on factors such as: 1) extrinsic versus intrinsic RF device
performance, 2) intrinsic device performance and reliability, 3) passive components, and 4)
cost in volume production. Firstly, f; and f,,., do not scale linearly with transistor gate
length. Moreover, the extrinsic versus intrinsic RF device performance is highly dependent
on device geometry and back-end-of-line (BEOL) metal stack options that are available.
Theoretically, smaller feature-length provide higher f;/ fimaz, however, this is not completely
true when switching from 45-nm SOI-CMOS to 28-nm FDSOI (see Fig.1.6).The reported
values are measured at the device terminals including metal connections from the substrate
to the top metal layer. Transistor performance is impaired by the increased interconnect
parasitic capacitance. Secondly, bipolar technologies provide higher transconductance (g,,)
values and breakdown voltages when compared to CMOS counterparts. For example, the
[HP 0.13-pm BiCMOS and SiGe HBT (see Fig.1.6) report superior performance when
compared to other technologies. Thirdly, the BEOL stacks of BICMOS technologies are



focused on RF/mm-wave applications, as a result, they deliver high-Q passive elements and
low-loss interconnects, where high integration densities are not required. Advanced CMOS
technologies are focused on digital applications, which require high integration density of
interconnected transistors in a given area. Finally, BICMOS technologies require additional
masks [15] compared to CMOS technologies. They are not suitable for high-volume low-
cost integration due to increased fabrication cost, which is a significant advantage for
CMOS technologies. Moreover, CMOS technologies are attractive when integrating low-
power RF/mm-wave circuits with digital/analog/mixed-signal sub-systems on the same
system-on-chip (SoC). 45-nm SOI-CMOS provides a balance between optimized mm-wave
performance (i.e., higher f; and f,4, compared to Bulk-CMOS) and the possibility for
high integration density. Thus, it provides a low-power low-cost mm-wave/mixed-signal
platform for wireless handsets.

GlobalFoundaries™ started the development of 45-nm SOI-CMOS for 5G mm-wave
applications in 2008 [13]. This technology aims at decreasing the intrinsic parasitic ca-
pacitance of active devices as well as providing thick copper and aluminum BEOL metal
interconnects for high-frequency applications. Also, a high-resistivity substrate option re-
duces the energy loss of high-Q passive components compared to bulk-CMOS technologies.
This technology features high f,,.. values when compared to 65-nm bulk-CMOS and 28-
nm FDSOI (see Fig.1.6) which makes it attractive for CMOS PA design, with stacking
capability, for high output power/gain/efficiency. Lower-loss interconnects and higher-f;
transistors enable the development of high-performance low-noise amplifiers (LNAs) [20]
through lower minimum noise figure (N F,,;,) at mm-wave frequencies. Moreover, high-
resistivity substrates and low-Rox devices enable lower insertion loss [21] and higher lin-
earity with device stacking [21], which enable improved performance from transmit-receive
(T/R) switches integrated in CMOS for use at mm-wave frequencies.

Figure 1.7 shows a cross-section of the 45-nm SOI-CMOS technology used in this work.
This process offers partially-depleted floating body N-FET and P-FET devices with a 40-
nm gate length, and body-contacted N-FET and P-FET devices with a 56-nm gate length.
The transistors are fabricated over a 225-nm thick buried oxide layer that isolates the
active area from the substrate. The technology offers 2 substrate resistivities: 13.5 {2.cm
and 900 Q2.cm. The buried oxide capacitance to the substrate is 4x to 7x lower than that
for bulk-CMOS [22], thus parasitic energy losses to the substrate (e.g., from integrated
passive components such as inductors, capacitors, and resistors) are expected to be lower
than seen in bulk-CMOS technologies. Detailed technology characterization for mm-wave
applications (i.e., active and passive circuits characterized at mm-wave frequencies) can be
found in [23].

This technology offers several metal stack options, the adopted ones are only shown in
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Figure 1.7: Cross section of GF 45-nm SOI-CMOS with supported metal stack options and
passives

the figure. Option 8 provides 11 metal layers. The 10 lower layers are copper while the top
layer is aluminum, all connected through tungsten vias. Option 18 offers 8 metal layers.
However, the top aluminum metal layer is thicker and higher above the substrate than that
the top metal of option 8.

The 45-nm SOI-CMOS technology also offers some BEOL (back-end-of-line) passive el-
ements. The most important of these structures are VNCAP (Vertical Natural Capacitors)
and MIMCAP (Metal-Insulator-Metal Capacitors). Both are shown in Fig. 1.7. VNCAPs
are usually used for high-density decoupling capacitors, in the picofarad (pF) range, to
isolate DC biasing pads from RF signals. Moreover, they are also used to create small-area
RF capacitors using the C1 metal layer (shown in Fig. 1.7). Stacking between metals M1
and C1 is available, depending on the capacitance value. MIMCAPs (shown in Fig. 1.7)
provide high-Q capacitors ( larger than 100) provided that the capacitance value remains
below 50 fF.
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1.5 State-of-the-Art Performance Summary

Figure 1.8 shows the block diagram of a 2 x 2 receive beamformer front-end that can be
used to implement an expandable N x N phased-array module. Typically, the beamformer
consists of several reconfigurable RF front-end slices. Each front-end slice is connected
to a single antenna in the antenna array, as shown in the figure. The front-end slice is
comprised of a single-pole, double-throw (SPDT) switch, a low-noise amplifier (LNA) in
the receive path, a power amplifier (PA) in the transmit path, a second SPDT for double-
path combining, and a 360° phase shifter. The output power of each of the front-end slices
is then combined using a 2-to-1 power combiner. This combining is repeated multiple times
in a higher-order beamforming front-end. Power amplifier design is not addressed in this
thesis. However, SPDT switches, LNAs, and phase shifters are developed for the receive
mode of the front-end shown in Fig. 1.8.

A single-pole, double-throw switch is usually placed at the interface between the an-
tenna, the transmitter PA, and the receiver LNA (see Fig. 1.8). Ideally, the switch should
provide low insertion in the ON state (IL, close to 0 dB) and infinite isolation (ISO) in
the OFF state. An insertion loss (IL) of 1-3 dB, isolation (ISO) of less than 30 dB, and
an input 1-dB compression power level (Pyyp) of 5-10 dBm are the typical performance
benchmarks which are obtained from a survey of mm-wave SPDT switches reported in the
literature [21-26]. However, most designs don’t provide sufficient isolation between the
LNA and PA. The air interface (see Fig. 1.4) predicts that at least 50 dB between Tx/Rx
paths is required to prevent signal feedthrough. Also, the capability to handle input signal
compression is not high enough to cope with the power generated from a 60-GHz CMOS
PA (i.e., larger than 15 dBm [27]). Cascoding (i.e., stacking) more devices should increase
P45 and isolation but increases the insertion loss.



An electronic phase shifter is needed before the power splitter/combiner of the beam-
former (see Fig. 1.8) to enable beamforming in a phased-antenna array. This work focuses
on digital passive shifters because of several of their performance advantages. They have
linear, uniform performance when compared to analog phase shifters [28]. Also, a single
phase shifter may be shared between PA and LNA of a single transceiver slice because a
passive circuit is reciprocal, hence saving silicon area. Moreover, from a literature study
(see Chapter 2 for a literature survey), passive phase shifters are attractive as they consume
no DC power. One drawback, however, is that they consume a relatively bigger physical
area (i.e., 2 to 4 times as estimated from [29]). Another disadvantage is that cascading
more stages to achieve higher phase resolution deteriorates the insertion loss. IL and group
delay flatness are other important metrics and determined by the root-mean-square (rms)
error of both IL and group delay. An rms error of less than 1 dB and 10 ps is recom-
mended for IL and group delay, respectively. The IL rms error determines the amount of
variable-gain amplification needed to compensate for gain deviation across phase states, ac-
cordingly, there will be area/power overhead. Phase rms error is important to be kept low
(i.e., smaller than 1 LSB of phase resolution) to prevent excessive signal dispersion across
frequency when retrieving the received modulated signal. Moreover, based on a literature
survey [28,30], 360° passive phase shifters realize an IL of 6-10 dB in both directions and
matching bandwidth of greater than 10 GHz across the 60-GHz band. One drawback in
literature is that Pj4p is limited to 10 dBm, which might be a problem for the transmitter
if a preamplifier driver is used before the phase shifter.

Low-noise amplifiers (LNAs) are required just after the SPDT switch to amplify the
received signal with minimum noise overhead, and also suppress the noise added by the
subsequent stages in the receiver chain. Linearity is less critical at 60 GHz as the received
signal power is as low as -60 dBm or even lower. Potential interferers may increase the
received power level up to -30 dBm ( based on a 50-dBm maximum EIRP transmitter
located at less than 10 m separation with an 80-dB path loss). The LNA noise figure
(NF) should be as low as possible, as it dominates the receiver noise figure. LNA gain
should be sufficient to amplify the received signal, but not high enough to saturate the
following stages in a receiver chain. DC power consumption should be low enough to
conserve battery energy without sacrificing gain and NF. Designs reported recently at 60
GHz in CMOS [23,31, 32] realize a NF of at least 4 dB, a forward gain of greater than 10
dB, and power consumption of less than 20 mW. Input return loss (RL) achieved is larger
than 10 dB for greater than 7-GHz bandwidth.
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1.6 Thesis Organization and Contribution

The thesis work is divided into 4 stages. Firstly, in Chapter 4, SPST/SPDT switch proto-
types are developed targeting high isolation greater than 50 dB and high linearity greater
than 15 dBm with low IL below 3 dB and minimal physical area. Secondly, in Chapter 5,
a highly-linear, reciprocal 360° passive phase shifter is developed targeting low IL/group
delay rms error of less than 1 dB and 10 ps, respectively, across states and bandwidth.
Thirdly, in Chapter 6, a low-power LNA is developed targeting a low NF of 3 dB and a
high gain of 20 dB. Finally, in Chapter 7, a reconfigurable front-end slice is designed by
cascading SPDT switch, LNA, SPDT switch, and phase shifter with some modifications
on the system-level for best performance. Chapter 8 highlights a concluding summary and
future work.

The target performance benchmarks of the individual blocks are summarized in Table
1.1. The target benchmarks are deduced from literature performance at the 60 GHz band
and several iterations of electromagnetic (EM) simulations done for the technology devices
and components including BEOL metal layers. Throughout the design iterations, the
active area of the fabricated prototypes is kept as small as possible. Also, It should be
noted that the circuit techniques used in this work are transferable across frequency bands
and different technology nodes.

Table 1.1: Target Performance Benchmarks for the Phased-Array Front-End

SPDT switch Phase Shifter LNA
Frequency Band (GHz) 57 - 64
I/O Return Loss (dB) > 10
Gain (dB) — — > 20
Insertion Loss (dB) <3 6£1 —
Isolation (dB) > 50 6+1 > 30
Phase Shift (°) 180 360 (11.25° steps) 0
Noise Figure (dB) 3 61 3
Input Pgp (dBm) > 15 > 15 > -15
Power Consumption (mW) 0 0 < 20

11



Chapter 2

Background and Literature Review

This chapter highlights the basic principles of designing front-end circuits, that can be
used in a phased-array transceiver. These principles include circuit topologies for single-
pole, double-throw switches (SPDT), low-noise amplifiers (LNA), and phase shifters (PS).
Additionally, implementations from recent literature in different CMOS technology nodes
are covered across several mm-wave frequencies including the 60-GHz band. Finally, a
performance comparison from literature is presented, which highlights performance trade-
offs with respect to circuit parameters.

2.1 CMOS Single-Pole, Double-Throw (SPDT)
Switch

An RF switch is a device that controls the passage of signals in an electronic circuit. The
switch can take two states, either ON, by allowing the signal to pass, or OFF by blocking
the signal. The switch can be implemented in CMOS, as shown in Fig. 2.1 [33], or using
other technologies (e.g., PIN diodes [31] and RF-MEMS [35]). The CMOS switch (Fig.
2.1) isolates the DC control from the RF signal path and consumes no DC power.

The performance of different switch designs is defined by a set of metrics. Insertion
loss (IL) is defined by the attenuation of the transmit/receive (T/R) switch between input
and output ports. Isolation (ISO) is defined by the leakage from the input of the T/R
switch to ports other than the desired output. From Eqns. 2.1, 2.2 for a series switch, and
Eqns. 2.3, 2.4 for a shunt switch [33], IL and ISO are determined by the switch small-signal
parameters Rony and Copp of series and shunt switches. Linearity is determined by the

12
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Figure 2.1: CMOS RF switch types (a) series switch (b) shunt switch

third-order intercept point (IIP3 or OIP3) for third-order inter-modulation distortion. The
-1 dB compression of the IL (I Pi4p) determines the input power, where IL drops by 1 dB.

Ron
1L = 20. 1 2.1
Ologlo( +2Zo>’ (2.1)
150 =10.1 1+ ! (2.2)
N 0o [4'7T'fo-COFF-Zo]2 ’ ’
1L = 10.l0g10 (1 + [W'fo-COFF-ZoP) s (23)
Z,
1 = 20.1 1 2 2.4
SO 0 oglo( +2RON), (2.4)

where Roy is the drain to source resistance of the RF switch in the ON state, Cof¢ is the
drain to source capacitance in the OFF state, f, is the frequency of operation, and Z, is
the source impedance (normally 50 €2).

2.1.1 Switch DC I-V characteristics

Figure 2.2 shows the Ip — Vpg characteristics of an NMOS switch. The switch operates in
the linear resistive region, where Vpg should be biased close to 0 V. The slope of the I-V
curve across 0 V should be maximized (i.e., Ron2 is smaller than Roy1) to minimize the
IL of the switch, which is realized when Vgg is maximized. Royn of a MOS transistor is
given by Eqn.2.5 [30]:

1
,UCO:L"(W/L)(VQS - Vih)

Roy = (2.5)
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2.1.2 Series-Shunt Switch Realization

A single series CMOS switch is designed for low ON resistance (Roy ), while ISO decreases
between ports. Fig. 2.3 shows the basic series-shunt SPST topology of a CMOS switch
for increased isolation. During ON state, transistor M; is biased ON, while M, is biased
OFF. Conversely, during the OFF state, M is biased OFF, while M, is biased ON.

2.1.3 CMOS SOI Switch Small-Signal Model

An N-FET RF switch implemented in SOI-CMOS (i.e., only NMOS transistors shown)
with simplified small-signal models for switch ON and OFF states is shown in Fig. 2.4
(neglecting the effects of C,, and Rgyp). In the ON state, IL is minimized by decreasing
Ron, which is controlled by the channel width W when the minimum channel length
L is chosen. During the OFF state, the maximum ISO between ports is realized if the

14
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lateral parasitic capacitances of the transistor, i.e., Cys, Cgq, Csp, and Cg, are minimized.
This is achieved by minimizing W (again, assuming L is minimum). Power handling of
conventional bulk-CMOS switches is limited by the turn-ON voltage of parasitic diodes
embedded in the substrate [21]. The substrate is isolated from the transistor channel and
body by a buried SiO, layer in SOI technologies (see Fig. 2.4), which enables larger RF
power compression capability compared to bulk-CMOS devices. Cascoding (or stacking)
of switches may be used to further increase compression limits by lowering the RF swing
across each transistor in the chain. However, power handling is traded-off against increased
IL when multiple transistors are connected in series.

2.1.4 Conventional mm-Wave SPDT Implementations

Figure 2.5 shows a traveling wave SPDT switch [37]. The authors firstly introduce a low-
loss broadband SPDT switch from 50 GHz to 94 GHz. The design incorporates microstrip
transmission lines with distributed shunt switches for each path. When the transistors are
OFF, the RF signal propagates across the low IL lines. When the transistors are ON, the
RF signal is grounded. The T junction is a quarter-wave (A\/4) line, such that the shorted
switch path appears open circuit at the common node. One drawback is the large physical
area of the transmission lines compared to MOS transistors. The design realizes an IL of
2.7 dB, and an ISO of 29 dB in 90-nm bulk-CMOS using floating body switches. The input
compression point [ Pj4p of the switch is 15 dBm.
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Table 2.1: Performance Summary of mm-Wave CMOS SPDT Switch from Literature

FOM [37] [35] [39] [40] [41] [22]
Tech 130nm 130nm 90nm 130nm 90nm 45nm-SOI
' CMOS CMOS CMOS CMOS CMOS CMOS
Travelli L A
VEHHE Shunt-Shunt Shunt & ump? d symm & Series
Topology Wave & A/4 stub /4 stub Matching ~ A/4 Shunt Shunt
Switch SHubs SHubs Network Network un
Freq. (GHz)
50-94 45-67 50-70 57-66 50-67 DC-60
(511>10dB)
IL (dB) <3.3 <2.5 1.5(min.) <2 1.9 <2.5
ISO (dB) >27 >30 >25 >21.1 >38 >25
Input Pigp (dBm) 15 13 13.5 10 10 7.1
Supply Voltage (V) 0/1.2 0/1.2 0/1.2 0/1.2 0/1.2 0/1
Active Area (mm?) 0.24 0.125 0.27 0.02 0.3 0.04

Fig. 2.6 shows another two CMOS switch topologies introduced in [38]. Design A (see
Fig. 2.6a) is an SPDT switch incorporating A/4 junction for isolation. During ON-state,
ports P, or P3 are matched to 50 €2 using both the lumped inductor L), and the OFF-state
parasitic capacitance of the shunt switches. Design B (see Fig. 2.6b) is a single-pole, four-
throw (SP4T) using the A/4 lines for each path, however, it comprises 50 €2 stubs. During
ON-state, the shunt stubs resonate with the parasitic capacitance of the OFF-switch for
50-€2 matching.

Both designs are fabricated in 0.13 pm-CMOS realizing wideband return loss (RL) of
-10 dB across 50 GHz to 70 GHz. The IL realized for design A and B is 2 dB and 2.3 dB,
respectively. The achieved isolation for design A and B is 32 dB and 22 dB, respectively.
The simulated compression point Pj4p is 14 dBm, which is lower than the typical power
(i.e., 20 dBm) generated from a 60-GHz power amplifier in 45-nm SOI-CMOS.

Another SPDT switch topology is developed in [10]. The switch matching is based on
lumped components for shunt MOS switches at each port as shown in Fig. 2.7. Using
LC matching saves significant physical area when compared to distributed matching. The
design achieves an IL of 2 dB, an ISO of 21 dB, and a matching bandwidth of 57 to 66 GHz
in 130-nm bulk-CMOS. Although, the active area of the prototype is small, the measured
compression point of 10 dBm, which is low to handle the power generated from CMOS
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power amplifiers.

A performance summary between several mm-wave SPDT switch designs is shown in
Table 2.1. All the examples listed in the table are based on the circuit implementations
discussed in this section.

2.2 CMOS Active/Passive Phase Shifter

A phase shifter is defined by an electronic circuit whose output signal is a phase-shifted

version of the input signal. The ideal scattering matrix of a reciprocal phase shifter is given
by Eqn. 2.6:

0 Ae1¢
S = , : (2.6)
Ae~I? 0

where A is the phase shifter gain. For an active phase shift, the gain is greater than unity.
Whereas, for a passive phase shift, the gain is smaller than unity. ¢ is the amount of added
phase shift to the signal.

The phase shift is changed by a control signal, where A is ideally constant. However
practical implementations experience gain variations. The active phase shifters are non-
reciprocal networks. Generally, phase shifters can be divided into 2 main categories based
on the control scheme. Continuous phase shift achieves a phase range of between ¢,
and ¢,,q.. The control voltage or current signal changes between V.., t0 Ve O Lnin
t0 I ez, Tespectively. This phase shifter can potentially achieve infinite phase resolution
within the operating dynamic range. Digital phase shifters realize a discrete phase range
of (¢1,¢2,...,¢n), which is based on a digitally controlled signal. The achievable phase
resolution is determined by the phase shift order (logaN).

Eqn. 2.6 is modified for practical phase shifters by Eqn. 2.7, where both gain and
phase change over frequency. Constant phase shifters have a constant phase variation
across frequency for a specific phase state. Whereas, true-time delay phase shifter has a
linear phase shift variation with frequency (i.e., ¢ = w.At).

0 A —jo(w)
g — ' (w)e . (2.7)
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Figure 2.8: Switched-line phase shifter

2.2.1 Passive Phase Shift Techniques

Fig. 2.8 shows a basic phase shifter, where the RF signal is allowed to propagate between
two switched transmission lines of different lengths. As a result, two different time delays
are realized. The transmission line of length (I,) realizes a phase shift of (¢ = 27l,/)). So,
the phase shift realized between the 2 transmission lines is given by:

Ap="— (2.8)

where [ is the difference of length between the transmission lines.

This topology is inherently wideband. However, there are several drawbacks. Single
switched-line phase shifter incorporates two SPDT switches, which introduce losses to
the phase shifter. When the phase shift order increases, the total switch losses increase
significantly. Additionally, practical transmission lines with different lengths have different
losses, which introduce insertion loss (IL) deviation. Also, IL deviation increases with
phase shift order, as more stages are cascaded. This topology consumes a large physical
area, especially when cascading more stages.

Fig. 2.9 shows the loaded-line phase shift architecture [12]. The phase shifter incor-
porates a quarter-wave (A/4) line loaded with lumped inductors and capacitors on both
ends. The phase shift, in terms of the susceptance B, is given by:

(2.9)

1 BZ
A — -1 . o .
¢ = tan (BZO 2 >

By changing the termination susceptance B, the phase shift is changed. However, the
input and output reflection coefficient increases with B [12]. As a result, realizing a higher-
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Figure 2.9: Loaded-line phase shifter

Reflective Load Model

Pron Aol

0% a2
B=21/A
90°

P20- —OT:'—H'
AD=R¢ a2
Figure 2.10: Reflection-type phase shifter

order phase shift degrades the port matching. Hence, the load-line phase shifter is limited
to small phase steps.

The reflection-type phase shifter generic topology is shown in Fig. 2.10, where the
switched reflective loads can be implemented using lumped L-C elements, as in [13], or
digitally controlled varactors, as in [11]. The phase shifter consists of a quadrature cou-
pler, and 2 transmission lines of length [/2 each, where [ is the length corresponding to
the required phase shift. The RF signal is inserted from P; and divided equally at the
transmission line ports. If the switches are shorted to the ground, the signals are reflected,
and then combined at P,. If the switches are open, the signals travel back and forth by
[/2. This is equivalent to a travel length of [ and then combined at P, with a phase shift
equivalent to that in Eqn. 2.8.

Isolation between input and output ports is a key advantage of using the reflection-
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Figure 2.11: Switched L-C phase shift circuits: (a) low-pass II-model, (b) high-pass II-
model, (¢) low-pass T-model, and (d) high-pass T-model

type phase shifter. Otherwise, the reflection-type and switched-line phase shifters share
the same features.

Fig. 2.11 shows 4 different types of lumped-LC phase shift. Three passive components
can realize a phase shift in the range of —90 < ¢ < 90. The corresponding values for each
network for a matching impedance Z, at frequency w, are listed below [15]:

Low-pass m-network:

L, = Zesinlel (2.10a)
Wo
tan|o/2
C, = % (2.10D)
High-pass m-network: s
L,= WTW, (2.11a)
! (2.11b)

" o Zysin|g|’
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Figure 2.12: Digital phase shifter block diagram

Low-pass T-network:

Ly = M7 (2.12a)

Wo
sinlg)
Cr = 2.12b
T w2z, ( )
High-pass T-network:
Z
Lp=—"2_ 2.1

T wosin|g|’ (2.13)
1

Cr (2.13Db)

- WoZotan|o /2|

The phase shift can be realized by switching between a by-pass state, and a phase shift
state as shown in Fig. 2.11. Also, the phase shift may be realized by switching between
high-pass to low-pass networks. The total amount of phase shift required is 360° for a
phased-array transceiver, so cascading more phase shift stages is required with different
phase steps.

Fig. 2.12 shows the block diagram of a complete digital phase shifter. The number of
cascaded stages is determined by the phase resolution of the system requirements. The first
stage phase shift starts by 180°, and then each subsequent stage phase shift is divided by
2 (i.e., 90°, 45°, ...). The phase shift of the output signal is given by Eqn. 2.14. Cascading
more stages increases the insertion loss of the overall phase shifter, as it incorporates
cascaded lossy switches.

¢ = (180°.b3) + (90°.by) + (45°.by) + (22.5°.by). (2.14)

2.2.2 Active Phase Shifter Topologies

Active phase shifters involve active circuitry that performs the phase shift and adds gain
to the input signal. The most common active phase shift topology is the vector modulated
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Figure 2.13: Vector-modulated phase shift block diagram

phase shifter shown in Fig. 2.13 [16]. The phase shifter consists of three main building
blocks. Firstly, the 90° quadrature coupler generates in-phase and quadrature vectors.
Each vector is then amplified by a separate variable gain amplifier (VGA), which can
be continuously or digitally controlled. Finally, the modulated vectors are combined to
generate the final phase-shifted signal. The phase shift added to the output signal is
determined by the gain of the VGAs. The phase rotation of the shifter is shown in Fig.
2.13.

Expressions for the magnitude and phase of the output signal are given by :

Vin

Voutl = —= (1A% + |Ao|?), 2.15
[Vout| \/§(|I| |Agl?) (2.15)
( A
tan1(| Q|), Ar>0,4>0
| Af| s
180 — tan~! |A—Q| . A <0,A0>0
6= 4] (2.16)
-1 ‘AQ‘
180 + tan — ], Ar<0,4,<0
) | A
—tan™! (M> A[ZO,AQ<0
\ ’AI|

From Eqn. 2.16, any phase between 0° and 360° can be generated according to Aj
and Ag values. Moreover, from a system perspective, a flat gain response is required
across all states. As a result, A; and Ag have to be appropriately scaled in each quadrant
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Figure 2.14: CMOS switched L-C low-pass/by-pass implementations: (a) m-model and (b)
T-model
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to maintain the constant magnitude of the output vector for all states. For example, the
minimum gain value of I and Q vectors in the 4" quadrant when ¢ = —45is A; = Ag = A,
0 |Vout| = V2A. When ¢ =0, A; = v/2A and Ag = 0 to preserve the same magnitude for
the output signal. So A; and Ag should change by up to 3 dB from their lowest values.
The value of A determines the overall gain of the phase shifter.

This topology can achieve small phase resolution and can be calibrated against process
variations. The physical area is more compact when compared to other topologies. More-
over, the VGA maximum gain compensates for the I-Q) generator and the output combiner
losses. As a result, the phase shifter can achieve a power gain of greater than 0 dB. The
phase shifter circuit is unilateral and consumes DC power for using VGAs, which limit the
phase shifter linearity.

2.2.3 CMOS mm-Wave Phase Shifter Implementations

The published work on CMOS phase shifters is focused on switched topologies as in [17—
|, and active vector-modulated phase shifters as in [29,51-53]. In this section, basic
implementations are covered, as each design involves a different circuit design.

Fig. 2.14 shows two implementations for switched LC phase shifters, that are commonly
used in literature. Fig. 2.14a shows the m-model switched low-pass by-pass 1-cell phase
shifter. When M is open and M, is closed, the input is phase-shifted by C and L., while
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Figure 2.15: Vector-modulation phase shift circuit schematics: (a) single-ended lumped
[-Q signal generator, (b) differential lumped I-Q signal generator, and (c) variable-gain
amplifiers with linear power combining

L is shorted to ground. When M, is closed and M5 is open, the input signal is bypassed
to the output port through M, while Ly creates an open circuit resonance with the Cys¢
of switch M.

Fig. 2.14b shows a similar technique for T-model switched low-pass by-pass 1-cell phase
shifter. In [1%], the authors claim that the T-model architecture provides better group delay
than the m-model architecture, especially at mm-wave frequencies.

Active phase shifters involve several signal conditioning blocks to generate the phase
states. Fig. 2.15a shows the passive I-Q single-ended signal generator based on the RLC
network. Fig. 2.15b shows the fully-differential version of the I-Q) generator, which is
commonly used with differential VGAs for vector modulation. The analysis of the I-Q
generator is covered in [52].

Basic CMOS implementation of VGAs is shown in Fig. 2.15c. The input signals are
fed from a differential I-QQ generator to the common-source differential pairs. The gain is
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controlled by the current mirror of the tail current source (see gain control in Fig. 2.15¢).
Quadrant selection is controlled by switching 4 common-gate amplifiers, according to the
in-phase and quadrature vector signs (see Sign Control in Fig. 2.15c¢). The generated
vectors are then current combined using an output balun (see output combiner in Fig.
2.15¢).

A performance comparison is shown in Table 2.2. from recent literature, that includes
active and passive design circuits across different mm-wave bands in several technology
nodes.

Table 2.2: Performance Summary of mm-Wave Phase Shifters from Recent Literature

[17] [48] [19]* [50] [52]! [53]*
Tech 45nm-SOI 90nm 65nm 40nm 0.13pm SiGe 90nm
' CMOS CMOS CMOS CMOS BiCMOS CMOS
Switched  Switched  Switched  Switched Active Active
Topology HP/LP T-LP HP/LP HP/LP Vector Sum  Vector
Network Network  Network  Network +LNA Sum
Freq. (GHz)
60-67 57-64 57-66 22-36 60-80 58.8-64.3
(511<—10dB)
Phase Resolution (°) 45 11.25 22.5 45 22.5 22.5
RMS Phase Error (°) <3 <10 <5.5 <12.8 <9.1 <10
Gain (dB) -6 >-18 -8.7+£1.7  -5.6%0.5 <14.7 <1.1
RMS Gain Error (dB) <1.3 <1.8 <1.17 <0.6 1.3 <1.6
Input Pigp (dBm) 6 — 7.4 <12 -273 -9.840.8
Supply Voltage (V) 0/1 0/1.2 0/1 0/1 3 1.8
DC Power (mW) 0 0 0 0 108/34.8% 19.8
Active Area (mm?) 0.3 0.34 0.092 0.132 1.06° 0.61°

Based on the performance summary shown in Table 2.2, several design aspects are
concluded. Firstly, achieving smaller phase resolution from passive phase shifters realizes

LAll designs realize 360° phase shift range
2Estimated from the chip photo
3Measured at 70 GHz

4Consumed by the phase shifter only
5Including pads
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higher insertion loss (IL). The design in [17] realizes an IL of 6 dB for a phase resolution of
45°, while [19] achieves an IL of 8.7 dB for a 22.5° phase resolution. The IL is even worse
for a phase shift resolution of 11.25° as reported in [18]. Secondly, the linearity quantified
by IP14p5 of passive phase shifters is better than active phase shifters as shown in Table 2.2.
Although an LNA is used before the phase shifter of [52], which is limiting the phase shifter
compression. The IPy45 of a stand-alone active phase shifter as in [53] is still smaller than
-5 dBm. Thirdly, active phase shifters consume DC power as shown in Table 2.2, which is
not suitable for low-power applications. This can be seen from [52], which consumes a total
DC power of 108 mW. Moreover, the design of [52] consumes a larger physical area when
compared to that of [53], since [52] incorporates transmission lines for matching, while [53]
uses lumped component matching.

2.3 CMOS Low-Noise Amplifiers

A low-noise amplifier (LNA) is a 2-port electronic circuit, that amplifies an input RF signal
with minimal noise contribution. The LNA is placed after the receiving antenna to suppress
the noise contribution of later blocks in a receiver chain. Since the signal-to-noise-ratio
(SNR) of the received signal is not sufficient for back-end baseband processing, low noise
contribution, and high power gain are required.

This section discusses low-noise amplifier (LNA) analysis and design in CMOS technolo-
gies. Multistage microwave amplifier design theory is discussed in detail in [54], however,
the design procedure is summarized. Also, CMOS technology limitations for amplifier de-
sign are presented, to understand the frequency-dependent parameters that affect noise,
gain and, matching. Literature circuit architectures are investigated, to understand the
development of LNAs across different frequencies. Finally, mm-wave LNA designs from
recent literature are presented, as an overview for the state-of-the-art mm-wave LNAs.

2.3.1 Gain and Noise Analysis
From the microwave theory perspective, a microwave amplifier is a 2-port network that
has a maximum available gain (G,,4,) between its input and output ports. This gain is

only achieved at specific source and load impedance, which are called optimum source and
load impedance for maximum power transfer Zg .4, Z1 44, and are given by:

ZS,og = RS,og + jXS,og> (217)
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Figure 2.16: Cascaded amplifier gain and noise factor model

ZL,og = RL,og + jXL,og- (218)

When Zs = 75, and Z, = Zj ,,, maximum power transfer at the input and output
ports is realized, when the amplifier is stable. The stability factor (u) of a 2-port amplifier

is calculated by [54] :

L 1 - |80 N
‘522 - (511522 - 821512>ST1| + |521512|

1, (2.19)

where Si1, Si2, S21, and Sy are the S-parameters of the amplifier.

Matching networks are needed at the input and output ports to convert the port
impedances to their optimum values. It should be noted that impedance variations at
source and load decrease the gain from its maximum. Moreover, the resistive losses of the
matching networks decrease the overall amplifier gain.

The LNA noise factor definition, in terms of the noise parameters of the amplifier, F,,;,
and R}, is given by [20]:

/

R
F = me + G_Z'[(GS - GS,on)2 + (BS - BS,OH)2]7 (220)

where G, and Bg,, are the source optimum noise conductance and susceptance required
for minimum noise factor matching, respectively.

The complex optimum noise impedance is given by:

ZS,on = RS,on + jXS,on- (221>
The amplifier’s noise factor is maintained at Fj;,, when Zg = 75, which is called
minimum noise factor matching.

Fig. 2.16 shows the cascaded amplifier gain and noise factor model. Assuming all
amplifiers are matched to their corresponding optimum noise and gain impedance, the
overall gain and noise factor (i.e., Friis formula [55]) are given by:
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Gtot = Gl.GQ ..... GN7 (222)

Fiot = F) + + T (2.23)

Eqn. 2.23 shows that the total noise factor is dominated by the noise factor of the first
stage, as long as (1 is sufficient to suppress the generated noise of later amplifier stages.

2.3.2 CMOS Technology Gain and Noise Parameters

The MOSFET devices of 45-nm SOI-CMOS technology are used in a tuned amplifier
configuration in this work as common-source or cascode configurations. As a result, the
effect of circuit parameters on both gain and noise figure should be understood. This
analysis is a good starting point for circuit design refinement using computer simulators.

A simplified reactively-tuned circuit analysis for common-source or cascode amplifiers
is found in [33], where the final amplifier power gain is given by :

Gp(f) = St To e (2.24)

T Af2R R, f2 '
where r, is the output resistance of the MOSFET device, R, 4 R, is the total input resis-
tance seen by the device at the gate terminal, f; is the transit frequency of the technology,

fmaz 18 the frequency where the uni-lateral gain of the device is unity, and f, is the operating
frequency.

Choosing a well-developed technology for mm-wave applications (i.e., f; is 4X to 6x
fo) is essential for the development of CMOS amplifiers for high gain.

The minimum noise factor of a MOSFET device is given by [20] :

fova | ofo fors
Fmin =1 + 29m(7ﬂgg + TLg) ( ) + 2f m(ng + TLg)/Y(l + gm(TQQ + TLQ) (f ) ) (225)
t t t
This equation can further be simplified given the following conditions :
If G (rgg + T0g)Y (ji“) < 1, then :
t
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Jo Jo
Fmin ~ 1 + 2gm(rgg + TLg)’Y(E)Q + 2E \/gm(rgg + TLg)’% (226)
If g (rgy + TLg)v(%)Q > 1, then :
Fmin ~1 + 4gm(rgg + rLg)’y(%)Qa (227)

where 1y, and g, are the device gate resistance and transconductance, respectively, v is
the excess drain channel noise parameter, which is technology-dependent.

From Eqns. 2.26, 2.27, r4g + 714, gm, and f; are circuit design parameters, which
can be adjusted for low noise operation. g¢,, and f; of the MOSFET transistor can be
adjusted using the DC bias point setting, and the aspect ratio of the transistor. Minimizing
r4e is done by splitting the device into smaller multiple fingers M, and connecting each
finger using double-gate contacts. 1-um wide transistor unit is reasonable for most CMOS
processes. The new gate resistance, as a result, is given by [50] :

. 1 pshW
"9 = 10 ML

(2.28)

where pgj, is the gate sheet resistance in /00, W and L are the device width and length,
respectively.

I
The optimum current density (LS)Opt is used instead of the drain current Ipg [33] to

bias the transistor for F),;,. The effective voltage of the MOSFET transistor, in terms of
the current density, is given by [30] :

| 2L Ips
rr=Vas —Vrn O W (2.29)

where u,, C,; and Vry are the carrier mobility, gate oxide capacitance per unit area, and
the threshold voltage of the MOSFET device.

The optimum source noise impedance Zg,,, in terms of device parameters, is given

by [20,33] :
1 ,r/ g/
Rgop = () 2.30
5, wM(Cl, +Cl) |y (2.30)
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X on — 5
2 W, M(Chy + Ch )

(2.31)

/ / / / :
where 17, g, Cg,, and Oy, are the gate resistance, transconductance, gate-to-source ca-

pacitance and gate-to-drain capacitance of a unit-size transistor, respectively.

Rs o can be adjusted to the source impedance (i.e., 50 €2) using the number of fingers
M, without changing the optimum current density required for the minimum noise factor.
As the technology scales down, Rg,, increases. As a result, the device width should
be increased to set Rg,, at 50 (2, given the transistor is biased to its optimum current
density. As a result, there is a trade-off between decreasing noise figure and minimizing
power consumption. Moreover, increasing transistor width may degrade gain and noise
figure due to the Miller effect, especially at mm-wave frequencies.

As frequency scales up for a specific technology node, the number of fingers M required
for 50-2 noise matching decreases. Thus, the DC power consumed from an LNA is expected
to decrease as w, increases, as expected from Eqn. 2.30.

The optimum noise reactance (see Eqn. 2.31) is equivalent to the input device reactance.
Both reactances are matched with a series gate inductor, whose ohmic losses contribute to
the overall noise factor. When increasing the device width, the input matching inductor
size shrinks along with its associated ohmic losses, thus the noise factor decreases, which
imposes a trade-off between noise figure and power consumption.

2.3.3 LNA Circuit Topologies

Fig. 2.17a shows one of the commonly used LNA circuit topology using inductive degen-
eration. The input impedance looking at the gate can be approximated by [50] :

mLS 1
Zeo(s) gc + 7+ sk (2.32)
gs gs

The real part of the input impedance is a function of L, so it can be used to adjust the
input resistance to 50 {2 without changing the noise resistance. Moreover, the imaginary
part includes L, so the gate inductor required for simultaneous noise and power matching
is reduced to become :

Ly=—— — L, (2.33)
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Figure 2.17: Low-noise common source amplifier: (a) circuit schematic and (b) small-signal
noisy model

This topology has several drawbacks. Firstly, increasing inductor L, reduces the ampli-
fier gain, as it degenerates the source terminal. This is a problem at mm-wave frequencies,
as the gain is inversely proportional to f? (see Eqn. 2.24). Secondly, if Cy, is not neglected
in the analysis, the input return loss is reduced. Thirdly, the input Miller equivalent ca-
pacitance [Cyy(1 + |A,|)] limits the amplifier bandwidth. Moreover, Cyq creates a path for
the device noise power from the output node to the input node as shown in Fig. 2.17b,
thus degrading the overall noise performance of the amplifier.

Another amplifier circuit is the cascode configuration [56] shown in Fig. 2.18a. This
configuration relaxes the common-source amplifier problems, which include insufficient
gain, bandwidth limitation due to the Miller effect, and poor reverse isolation. The cascode
amplifier consists of a common-source amplifier connected in series with a common-gate
amplifier.

The cascode amplifier realizes higher gain compared to common-source configuration,
as the output impedance increases. The Miller effect of Cyy of M; (see Fig. 2.18a) is relaxed
due to the low input impedance seen at the source terminal of My, so the bandwidth is
improved. Moreover, M, isolation enhances the reverse isolation of the amplifier.

Several drawbacks have been addressed in the cascode configuration. Firstly, the overall
noise figure of the amplifier increases due to adding Ms, as part of the current noise power
of M, has a signal path to Z,; (see Fig. 2.18b). Secondly, the cascode amplifier linearity
is degraded for a fixed Vpp, as the output voltage headroom is reduced. This is due to
adding 2 devices in series between Vpp and ground. As a result, the supply voltage has to
be increased to maintain the same linearity performance of the common-source amplifier,
which results in larger power consumption.
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Figure 2.18: Low-noise cascode amplifier: (a) circuit schematic and (b) small-signal noisy

model

Fig. 2.19a shows a transformer-feedback common-source LNA [57] between drain and
source terminal. The circuit principle is based on performing feedback to the gate through

Hg, to counteract the intrinsic feedback due to Hyg. Assuming the transformer is ideal,
and setting Hys = —Hgyq, the ratio between Cys and Cyy can be approximated as follows :
Cys
9% ~n. (2.34)
Cyd

Since Cyq is neutralized by Cy,, the Miller effect is canceled. Gain and reverse isolation
are improved. Moreover, the noise contribution through C,4 is suppressed. Additionally,
the neutralization bandwidth depends on the turns ratio n of the transformer (i.e., wide
bandwidth neutralization), however, it is determined by the transformer bandwidth in
practice.

Another transformer-feedback configuration is shown in Fig. 2.19b, where the feedback
is from the source inductor to the gate inductor [58]. The analysis in [58] shows that the
input impedance can be approximated as :

TL2

AL —
(n+1)gm

(2.35)

Wideband matching can be achieved at the input port, as n and g,, are both frequency-
independent. One drawback, however, is that the overall noise figure increases due to
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Figure 2.19: Transformer-feedback LNA configurations: (a) drain to source feedback and
(b) source to gate feedback

the ohmic losses of L,. Moreover, the interwound capacitance at mm-wave frequencies
decreases f;, as it adds up to the intrinsic Cys of the amplifier.

2.3.4 CMOS mm-Wave LNA Implementations

The amplifier’s maximum available gain degrades, as frequency increases, so multistage
amplification is required. Fig. 2.20 shows the most commonly used mm-wave LNA circuits
in the literature [23,59-03]. When a higher gain is required, more stages are cascaded.
The design of passive components can be realized using lumped inductors (see Fig. 2.20),
or distributed transmission lines (TL) [23]. However, TLs are avoided in this work, as they
consume a larger physical area when compared to lumped inductors. All the transistors

. . . o . I S . .
are biased at their optimum current densities (%)opt realizing N F},;,.

inductors Lg and Ly (see Fig. 2.20) realize simultaneous noise and power matching
to 50 €2 at the input port. Ly tunes and matches the amplifier output to 50 €2. L4 and
L perform the interstage noise and power matching. Choosing the interstage matching
impedance at 50 €2 [62] simplifies the design, when cascading more stages is needed.

Another circuit topology is shown in Fig. 2.21 [64,05] for bandwidth extension. The
bandwidth of cascode amplifier is determined by the RC time constant of the equivalent
tuned circuit, which can be given by :

T = RSCH + Rol (Col + 012) + RLCOQ. (236)
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Figure 2.20: mm-Wave multistage LNA circuit schematics: (a) cascaded common-source
stages and (b) cascaded cascode stages
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Figure 2.21: Tuned cascode inductive peaking architectures with parasitic capacitance of
different nodes highlighted (a) series peaking (b) shunt peaking
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The intermediate node is the dominant pole of the cascode structure. Thus, by adding
a series or shunt inductor at this node, the intermediate capacitance can be tuned and the
bandwidth can be extended. A detailed analysis of L, is found in [61,65]. Inductive peaking
can be realized using lumped inductors, or coplanar waveguide (CPW) transmission lines,
which occupy a large physical area.

A performance summary between different mm-wave LNA designs from recent liter-
ature is shown in Table 6.2. The selected designs are across different frequency bands,
mostly in the 45-nm SOI-CMOS technology, where the proposed LNA is fabricated. As
frequency increases on the same technology as in [23,59,62], the minimum NF increases,
as expected from Eqn. 2.25. The power consumption decreases, as 50-{2 matching requires
a smaller number of fingers as expected from Eqn. 2.30. Moreover, it is anticipated from
the chip photos of [23] that the active area is larger than the other reported designs, as
they incorporate CPW transmission line matching.

Table 2.3: Performance Summary of mm-Wave LNAs from Recent Literature

[59] [62] (23] [23] [23] [61]
45nm-SOI 45nm-SOI 45nm-SOI  45nm-SOI  45nm-SOI 65nm

Tech.
o CMOS CMOS CMOS CMOS CMOS CMOS
Tovolo 2-Stage 2-Stage 2-Stage 2-Stage g(;iff;n (é))(;lsrlegoen
Pology Cascode CS/Cascode Cascode Cascode
Source Source
Freq. (GHz) 1 1 1
42.5- 19- 43- - 4- -
(S11<-10dB] 5-55 9-30 3-57 58-80 84-88 63-67
Gain (dB) 18.5 19.5 15 12.5 13.5 23
[-3dB-BW(GHz)]  (43-53)! (16-24) (40-53) (60-73) (76-88)  (57-64)!
Noise Figure (dB) 2.9Q47G 2@19G 3.3@45G 4@65G 5.7@85G 4
Output P45 (dBm) 3 0 1.5 -2 -1.5 -3.5
Supply Voltage (V) 1.2 1/1.5 1.3 1.3 1 1.25
DC Power (mW) 22.8 32.5 20.8 15 13.5 8
Active Area (mm?) 0.14 0.15 — — — 0.05

IEstimated from the plots
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Chapter 3

Phased-Array System Design

3.1 Introduction

As described in Chapter 1, increasing the frequency of operation enables wideband opera-
tion, while the physical area occupied by silicon chips required to support higher frequency
bands increases for a phased-array implementation. Greater channel capacities (C') can
be achieved at mm-wave bands when the channel bandwidth (B) increases, according to
Shannon’s theorem [66] :

C = B.log(1+SNR). (b/s) (3.1)

However, these advantages come at the expense of larger path loss and therefore limited
separation distances between the transmitter and the receiver in a radio link, as discussed
in Chapter 1. The received power level for a radio link (see Fig. 3.1) may be predicted
from Friis’ formula [67] :

47 R)?
PraBm) = Prsm) + Gr@siy + Grasiy — 10.log << 2 ) ) ; (3.2)

where P and G are the transmitter or receiver power level and antenna gain, respectively.

Eqn. 3.2 predicts that as signal wavelength (\) decreases (i.e., increasing carrier fre-
quency), the received signal power decreases dramatically. As a result, the receiver signal-
to-noise ratio (SNR) decreases and the bit-error-rate (BER) of the received information
degrades. One possible solution is to increase the transmitter generated power, however,
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Figure 3.1: A simple radio transceiver system [5]
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Figure 3.2: Different configurations of 2D linear antenna array spaced by A\/2 incorporating
isotropic antennas: (a) 2x2, (b) 4x4, and (c) 8x8

the typical maximum output power available from a silicon CMOS power generation at 60
GHz is limited to less than 25 dBm [27]. Another solution is to use a phased-array an-
tenna to increase the gain in the path between transmitter and receiver gain and thereby
compensate for the increasing channel loss at higher frequencies.

3.2 Modular Phased-Array Transceiver Architectures

The operating principle of a phased-array receiver is illustrated in Fig. 3.3. The modulated
signal is received over several paths. Each receive path consists of an RF antenna, a gain
block, and an electronic phase shifter. The receive antennas form an array by placing them
with an approximate separation distance of (A/2).

The antenna array creates an electrical signal that increases in signal amplitude when
oriented in a specific direction and suppresses signal reception in any other direction. The
direction where to received signal is maximized may be controlled by electronic phase

38



...................................................

Digital

Processing

Yo{ :}F i
Power

Combiner

......................................

...................................................

4-Way Front-end RFIC IF / Baseband Back-end

Figure 3.3: Phased-array transceiver system block diagram

shifters. When optimizing reception, a particular phase shift is assigned to each receive
path according to the phase gradient corresponding to the receive direction. The desired
signal is realized by combining the power received from each antenna in the array. The
combined RF signal is then down-converted by a mixer to an intermediate frequency (IF)
or baseband for detection, depending on the type of the receiver.

Off-chip packaging interconnects are lossy, especially at mm-wave frequencies. As a
result, the packaging interface between the silicon chip and antenna modules has to be
devised such that the interconnects are as short in length as possible. Fig. 3.4 shows two
possible assembly scenarios for a case study of a 4x4 antenna array with RFIC front-end
modules. Although the design spacing between 2 successive antennas (i.e., A/2) decreases
as the carrier frequency increases, the footprint of silicon chips is still smaller than the
antenna array. Fig. 3.4a shows a 16x RFIC module interfaced with 4x4 antenna array
module at the center. The red lines represent the off-chip interconnects, and the black line
represents the power combined RF signal. It can be seen that the interconnect length varies
with antenna coordinates in the array. Therefore, the RF signal experiences non-uniform
loss and phase shift across each antenna, and become severely attenuated for the antenna
connections at the 4 array corners. This can be seen from the interconnect length from
the RFIC module to the antenna elements close to the 4 corners of the antenna module.
This assembly floorplan deteriorates the performance, especially with array scaling.

Fig. 3.4b shows a more uniform distribution of the RFIC modules across the antenna

39



[ L] Ll L
L Lad T lez le
| fa— Lge | Lo
T O T TS S T S

(a) (b)

Figure 3.4: Floor plan of RFIC and antenna packaging assembly (a) 4x4 array with 1
module of 16x RFIC front-end (b) 4x4 array with 4 modules of 4x RFIC front-end

array. A 4x RFIC module is positioned in the center of the 2D 2x2 antenna sub-array,
where the interconnect length is short and uniform. RF signals from the different mod-
ules are then combined using on-chip transmission-lines and power combiners that can be
relatively low-loss when designed on-chip. This assembly technique is more efficient and
scalable across different array sizes.

3.3 45-nm SOI-CMOS Technology Fit

As discussed in Chapter 1, the 45-nm SOI technology node is a good candidate for mm-
wave design because of the f; and f,,,. performance possible when compared with older
CMOS technology nodes. Also, the high integration density possible in CMOS technologies
makes it a suitable choice for highly-integrated SoCs. However, a phased-array system has
to also be assessed in terms of DC power consumption versus array size. A reasonable
wireless handset peak effective isotropic radiated power (EIRP) of 30 dBm is assumed for
this study, and the EIRP of an access point is assumed to be 50 dBm. Recent results
from the literature show that CMOS power amplifiers are capable of delivering 20-dBm
peak-P;_4p with 26% peak power added efficiency (PAE) in SOI technologies [27]. The
peak-to-average power ratio (PAPR) of the 802.11ad signal is close to 9 dB. Thus the
transmitter average EIRP is set to 21 dBm (i.e., power back-off by 9 dB).
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Figure 3.6: Estimate for DC power consumption of a phased-array front-end transmitter,
receiver and transceiver for (a) access point (b) handset

Figure 3.5 shows the 1-dB compression point and array gain for a transmitter slice
versus array size for 50-dBm and 30-dBm EIRPs. Increasing the order of the phased array
relaxes the transmitter power limits, and hence the DC power consumption. Figure 3.6
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estimates the total DC power consumption of both phased-array transmitter and receiver
assuming a constant receiver DC power consumption of 30 mW per element. For a small
array size (i.e., 2 to 4), the power consumption is limited by the transmitter, whereas for
a large array-order (i.e., beyond 100) the receiver dominates the total power consumed.
From Fig. 3.6a, an array order of 64 for an access point is optimum to achieve a minimum
DC power of approximately 6.8 W for the same peak EIRP of 50 dBm. This DC power
may be consumed from a fixed point power supply. On the other hand, an array order of
16 requires a DC power consumption of around 0.8 W, as shown in Fig. 3.6b. It should
be noted that the array size may be adjusted according to the interconnect power losses
between transceiver blocks to achieve the target EIRP. Alternatively, the transmitter RF
power may be increased to account for the stated losses.

3.4 Link Budget Case Study

Transceiver specifications depend on the target up-link (UL)/down-link (DL) data rates, as
well as the modulation schemes supporting those rates. Therefore, the design is application
dependent. Additionally, mm-wave network deployment is subject to the surrounding
environment and whether the communication link is in direct line-of-sight (LOS) or non-
line-of-sight (NLOS) [11].

Figure 3.7 describes different factors affecting the link budget calculations and receiver
sensitivity. To receive the transmitted signal properly, the receiver must satisfy a minimum
signal-to-noise ratio (SNR). The lower bound of the SNR is the thermal noise floor, which is
determined by the signal bandwidth, the receiver noise figure (NF), and the array antenna
gain. As a result, the front-end switches and low-noise amplifiers have to be carefully
designed for minimal noise contribution. On the other hand, the upper bound of the SNR
is determined by the receiver linearity to prevent signal compression.

As a starting point, the upper bound of the downlink (DL, 64-QAM) of 6.75 Gbps and
that of the uplink (UL, 16-QAM) of 4.5 Gbps is assumed. The minimum corresponding
signal-to-noise ratios (SNR) for proper signal detection are 27 dB for the UL and 21 dB
for the DL, respectively, assuming a bit-error-rate (BER) of 1075, The maximum channel
width is 0.75 GHz for UL and 0.64 GHz for DL (i.e., Claude Shannon prediction from Eqn.
3.1).

Table 3.1a shows transmitter assumptions for both UL and DL. From minimum power
consumption considerations, the handset array size is set at 16, and that of the access point
is set to 64. An antenna element gain of 7 dBi [68] and front-end switch losses of 3 dB are
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Figure 3.7: Phased-array link budget parameters

assumed. Table 3.1b displays transmitter specifications for both UL and DL assuming 135-
dB T-R path power loss for both links. Finally, Table 3.2 presents the receiver sensitivity
analysis for both UL and DL based on the assumptions of Table 3.1a. A receiver NF
of 6 dB is assumed. It includes front-end switch losses and the input-referred NF of the
front-end receiver chain.

From Table 3.2, a minimum handset receiver gain (per front-end slice) of 8 dB is required
to maintain the minimum 21-dB SNR of the 16-QAM signal at 4.5 Gbps. An access point
receiver gain per slice of 16 dB is required to maintain the same SNR. Another receiver
sensitivity analysis of 2 access points is also shown in Table 3.2. The analysis predicts
a received SNR of 41 dB, which supports both 16-QAM and 64-QAM (i.e., 6.75 Gbps)
signals assuming that the receiver per-slice gain is set to 16 dB. As a result, access point
separation can support a larger distance as long as the receiver SNR is maintained well
above 27 dB. A single-slice receiver gain of 8 dB is deduced from the study. This doesn’t
include the 3 dB switch losses. Therefore, the gain of the cascaded SPDT switch, low-noise
amplifier, SPDT switch, and phase shifter has to be maintained above 8 dB. Based on the
literature survey and selected technology simulations, a 3 dB insertion loss (IL) is assumed
for the SPDT switch, a 6-dB IL is assumed for the passive phase shifter and a 20 dB gain
is assumed for the low-noise amplifier. This case study assumes 3-dB power combining
losses at both transmitter and receiver.
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Table 3.1: Up-link/Down-link Transmitter Assumptions and Specifications for 60-GHz
channel of 100-m T-R Separation

(a) Transmitter Assumptions (b) Transmitter Specifications
Assumptions Access Handset Specifications Access Handset
P Point P Point
Pyi5/PA(dBm) 13 5 Tx Power(dBm) 31 17
No. of PAs 64 16 Tx ANT Gain(dB) 25 19
No. of ANT 64 16 Tx Peak EIRP(dBm) 53 33
ANT Gain(dBi) 7 7 Tx Avg. EIRP(dBm) 44 24
SW Loss(dB) 3 3 Path Loss(dB) 135 135

Table 3.2: Up-link and Down-link Receiver Sensitivity Analysis

60-GHz Link Budget for

100m T-R Separation Handset Access Point Access Point 2

Receiver Power (dBm) -91 -114 -94
Thermal Noise Floor (dBm) -86 -86 -85
Rx Noise Figure (dB) 6 6 6
Rx Antenna Gain (dB) 19 25 25
Number of Rx Slices 16 64 64
Rx Slice Gain (dB) 8 16 16
Rx Powgr after 55 55 35
Beamforming(dBm)
Rx SNR after

Beamforming(dB) 22 22 41

(3-dB Combining Losses)
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Chapter 4

CMOS SPST/SPDT Front-End
Switch Designs

4.1 Introduction

A wideband transmit-receive (T /R) RF switch occupying minimal chip area in CMOS is an
essential element in half-duplex phased-array or reconfigurable radio front-ends. Fig. 4.1
illustrates transmit and receive modes implemented using single-pole, single-throw (SPST)
switches at the antenna. Isolation between the transmit power amplifier (PA) and the
low-noise amplifier (LNA) is provided by a switch.

The performance of conventional series-shunt SPST topologies in CMOS is limited by
area constraints on the switch transistors at RF and mm-wave frequencies. For example, if
the transistor area is increased to lower insertion loss (IL) in the ON state, the port-to-port
isolation (ISO) when the switch is turned OFF degrades due to parasitic coupling between

Pea-IL1xsp Feedtrough
e T ,‘
O—+——+—+—">+—0LNA PA 0—+—"——1+———0 LNA
>15 dBm ———= A N N et
Tx solatio solation ~ Rx  Panr-ILrx
(a) Transmit (b) Receive

Figure 4.1: mm-Wave Tx/Rx front-end incorporating SPST switches
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Figure 4.2: Simplified schematic of the proposed SPST switch

ports (i.e., IL vs. ISO trade-off with the area). Other designs, such as transmission-
line-based switches [37-39], occupy more chip area and are inherently narrowband. The
fully-differential, wideband SPST switch proposed in this work realizes better than 50-dB
isolation through the cancellation of parasitic coupling at RF between terminals in the
OFF state. Since higher port-to-port isolation is possible with the new circuit topology,
larger-area switch transistors are used to reduce insertion losses.

Objectives for the wideband SPST switch developed in this work are: 1) greater than
50-dB isolation between RF ports in the OFF state, and less than 3-dB insertion loss in
the ON state, 2) linearity consistent with the maximum PA outputs available on-chip in
CMOS (e.g., greater than +15 dBm compression), and 3) bandwidth sufficient for mm-wave
applications below 44 GHz.

4.2 High-Isolation SPST Switch Design

In this work, the cancellation of substrate RF parasitic coupling is used to realize greater
switch isolation (ISO). The fully-differential switch realizes a much larger ISO than pre-
vious designs, and it is relatively insensitive to transistor sizing. From a simplified switch
analysis presented in the following sub-section, it will be shown that insertion loss (IL),
while insensitive to the switch on-resistance Roy, is dictated by the device time constant
RonCorp. This time constant also determines the upper-frequency limit for switch op-
eration, f,. The frequency response ranges from f, down to DC. Furthermore, a new
biasing scheme is proposed to increase the RF power compression of the switch beyond
that realized using conventional biasing methods.
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Figure 4.3: Simplified SPST schematics and small-signal models for: (a) ON state (thru
switches ON), (b) OFF state (all switches OFF), and (c) 180° phase shift state (cross
switches ON)

4.2.1 Suppression of Parasitic RF Coupling

A simplified schematic of the switch developed in this work is shown in Fig. 4.2. The
switch is intended for use in the fully-differential RF signal path of a mm-wave transceiver
front-end. High isolation between the input and output in the switch OFF state is realized
through compensation of parasitic RF signal coupling. To achieve this, an anti-phase RF
signal (via My, M3 in Fig. 4.2) is added to the parasitic signal coupled across switches
M, and M. The compensation is designed to cancel any unwanted feedthrough. This
cancellation is bilateral and is therefore effective when RF is applied at either side of the
switch. Compensation is realized by a transistor (i.e., not a physical capacitor), which
tracks the switch parasitics for changes in process, voltage, and temperature (i.e., PVT)
variations for a more robust design.

Figs. 4.3a to 4.3c illustrate operating modes for the SPST switch. In the ON state, the
main switches (dark lines) are biased ON, while cross switches (shaded) are turned OFF.
The RF input signal passes from input to output, and vice versa in the ON state, since the
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Figure 4.4: Small-signal RC model of ON state switch: (a) half-circuit equivalent circuit
(b) applying superposition by grounding V-

switch is bilateral. However, the parasitic capacitance of the switches (Corp in Fig. 4.3a)
causes unwanted feedthrough of RF between the input and output in the OFF state that
degrades isolation. When all devices are biased OFF (as in Fig. 4.3b), the anti-phase RF
signal coupled via the compensation transistors cancels the in-phase RF feedthrough at
each port when the coupling is made equal across all four paths, which improves isolation
dramatically. Another advantage of this configuration is that the RF signal may be phase-
shifted 180° by configuring the states of the main and cross transistors as shown in Fig.
4.3c.

4.2.2 Small-Signal Circuit Analysis

Fig. 4.4a shows the RC equivalent circuit of the ON state switch. Several assumptions are
made in the following analysis. Firstly, V." = —V,~ = V;/2, and therefore the half-circuit
principle can be applied to divide the circuit horizontally into two identical sub-circuits.
Secondly, by superposition, V= can be grounded so that V. is derived in terms of V;* and
V.~ as shown in Fig. 4.4b. As a result, V.~ is then deduced by swapping V;" with V,".
Also, from superposition, V," in terms of V" and V.~ may then be written as:

v+ 1 + §BonCors v

= ) = 4.1
° 1+ SRonCOff ! 1+ SRonOoff v ( )

where R,, is the equivalent ON resistance of the in-phase switches, Cosy is the lumped-
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Figure 4.5: Small-signal C model of OFF state switch: (a) half-circuit equivalent circuit
(b) applying superposition by grounding V-

equivalent capacitance of the anti-phase switches in the OFF state, and s is the Laplace
variable (i.e., s = jw in the sinusoidal steady-state).

This equation can be further simplified, assuming V;~ equals —V;":

+ SROTLCOf f V+ 4.2
° 1+ SRonCoff ( ' )
Expressing the half-circuit transfer function in differential form yields:
ROnCO
v, = L= 8HonCopyy, (4.3)

1+ SRonCoff

Eqn. 4.3 predicts that IL at REF is determined by the time constant R,,C,¢s of the
CMOS switch. Its value is insensitive to transistor width but varies across technology
nodes. Since the input impedance of the switch is capacitive, a series inductor is required
at each port for 50-Q2 matching. The total IL is expected to increase because of ohmic
losses added by series matching inductors.

Fig. 4.5a shows the lumped-capacitance equivalent circuit of the OFF state switch.
The same assumptions made for the ON-state switch are also applied to the analysis of the
OFF-state switch. Again, V, is deduced using superposition by grounding V= as shown
in Fig. 4.5b. Provided that the in-phase and anti-phase switches have the same transistor
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sizing, C,¢ seen by the 4 devices should be equal. As a result, V," (from superposition) is
expressed as :

| /5
V= . 4.4
= (1.4)
Assuming differential excitation where V,~ equals —V;*, V.* can be simplified to:
Vr=V, =V, =0. (4.5)

As a result, parasitic RF coupling is canceled completely at the output port of the
simplified switch equivalent, thereby realizing port isolation greater than 50 dB in practice.
Due to approximations made in this simplified analysis and sources of circuit mismatch,
isolation degrades but is still higher than realizable with other (i.e., uncompensated) CMOS
RF switch topologies.

4.2.3 Large-Signal Circuit Analysis

Large-signal switch performance is determined by the power handling capabilities of the
transistors and the capability to connect multiple RF switches in series (e.g., transistor
stacking) [21]. Floating-body devices available in SOI technologies offer improved power
handling compared to bulk CMOS technologies, because the substrate parasitic diodes are
always turned OFF and power leakage via the substrate is negligible. In this work, in
addition to adopting floating-body devices, a new biasing scheme is proposed to further
improve the RF power handling of the differential switch.

Fig. 4.6a shows a conventional biasing scheme applied to the proposed switch. The
source and drain terminals of all devices are biased at 0 V. In the ON state, device M is
biased ON, while M, is biased OFF. As a result, M is turned ON under a large signal
RF input signal swing of 0.6 V-pk (Vry=0.3 V assumed). Device M; is not experiencing
compression, as the RF voltage minimum value of 0.7 V at the gate terminal is not low
enough to turn it OFF.

Fig. 4.6b shows an improved biasing scheme for the proposed SPST switch. The Vg is
set at the maximum possible DC value (limited by oxide breakdown), which for the 45-nm
SOI-CMOS technology used in this work is 1 V. RF signal lines are also biased to 1 V,
while the gate bias shifts from 0 V in the OFF state to 2 V in the ON state. In the ON
state, the transistor switch M; is ON, while M, is biased OFF. In this case, device M;
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Figure 4.6: Large-signal switch performance and biasing (a) conventional (b) proposed

experiences early compression when the large-signal RF input voltage reaches 1.4 V-pk, or
0.8 V greater than the 0.6 V-pk RF signal input level attainable with conventional biasing
of the switch. The gate terminal voltage reaches 1.3 V which turns M; OFF. Device Ms is
still turned OFF as the gate RF signal peak is set to 0.7 V, while the turn-ON voltage is
1.3 V. Based on the new biasing scheme, the power compression is pushed to an equivalent
RF peak of 1.4 V instead of 0.6 V when the switch is biased conventionally.

4.2.4 Switch Design

A procedure for the design of the SPST switch, including transistor sizing and layout, is
presented in this sub-section. A complete schematic of the fabricated prototype is shown
in Fig. 4.7. Each switch unit (i.e., U; to Uy) is comprised of two CMOS transmission gates
in series (i.e., My and M, in Fig. 4.7), which increases the large-signal compression limit
from 13 dBm to 20 dBm at the expense of increasing the IL from 0.7 dB to 1.4 dB at 30
GHz. The DC bias at the RF ports is set at 1 V, which is the maximum Vg allowed in the
45-nm technology. The 115-pH inductance L4 is used to match the input capacitance
of the in- and anti-phase switches to a 50-Ohm source. The switch unit sizes are swept in
simulation to optimize broadband operation, and an aspect ratio (W/L) of 20 pm /40 nm
is selected for both NMOS and PMOS devices.

The gate control voltages are OV for Vonas and 2V for Veopys in the ON state, and 2V
Vonay and OV for Vopys in the OFF state. Large-signal compression behavior is deter-
mined by the magnitudes of these bias voltages, and choosing maximum values improves
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Figure 4.7: Schematic of the differential SPST switch prototype

the power compression and intermodulation distortion limits of the SPST switch. Isola-
tion is optimized by keeping the SPST switch implementation (including physical layout)
symmetric (e.g., differential feed lines are the same length).

4.2.5 Small-Signal Simulations

The small-signal S-parameters simulated for the differential mode (excluding the effects of
metal fill) are plotted in Fig. 4.8. The input and output ports are broadband matched to
100 ©, and the simulated return loss (RL) is greater than 10 dB across DC-50 GHz for
the ON state condition. Simulated IL is less than 2.66 dB with a minimum of 1.4 dB at
1 GHz. The increasing trend in IL across frequency agrees with the response predicted by
Eqn. 4.3. The OFF state isolation is better than 68 dB across DC-50 GHz. OFF state
analysis from Eqn. 4.5 predicts infinite isolation. However, simulated isolation is finite due
to implementation asymmetries and their parasitics.

CMOS processing variations are simulated using the Monte Carlo (MC) technique,
where the simulator assigns global random parameters for each transistor instance in the
design according to fabrication limits. The small-signal simulation results for 500 MC trials
at 30 GHz are shown in Fig. 4.9. The predicted isolation is 72.7 dB (mean) with a variance
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Figure 4.8: Simulated small-signal S-parameters (differential) in ON and OFF states

of +£2 dB and a standard deviation of 0.59 dB, as shown in Fig. 4.9a and Fig. 4.9b. The
mean insertion loss is 2.41 dB with a variance of £0.2 dB and standard deviation of 0.054
dB, as shown in Fig. 4.9¢ and Fig. 4.9d. Simulations predict a 2.75% maximum error
in ISO and 8.3% maximum error in IL, which reflects the switchs robustness to process
variations.

Supply variations are simulated by varying the voltage by £5% (i.e., 1.9-V to 2.1-V
supply). The resulting change in small-signal insertion loss at 30 GHz shows relatively little
sensitivity, at just £0.2 dB. Temperatures ranging from 0°C to 85°C are also investigated
using simulation. The insertion loss and isolation vary by +0.1 dB from their corresponding
nominal values at 30 GHz.
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Figure 4.9: Monte Carlo simulation results at 30 GHz: (a) isolation data from 500 trials,
(b) isolation mean and standard deviation, (c) insertion loss data from 500 trials, and (d)
insertion loss mean and standard deviation
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Figure 4.10: Micrograph of the fabricated prototype, with: (1) DC bias wirebond pads,
(2) switch units and biasing resistors, and (3) 12-pF on-chip decoupling caps highlighted

4.3 Simulations vs. Measurements

A die photo of the fabricated prototype is shown in Fig. 4.10. The RF probe pad and top-
metal feedline are designed to match each port to a 50-{2 source. RF losses of the feedlines
are minimized by implementing them in 2.2-pm thick top metal from the 11-metal BEOL
stack (Option 8) in GlobalFoundries 45-nm RF-SOI CMOS technology. The total active
area for the switch is 0.0058 mm?.

4.3.1 Small-Signal Measurements

The switch is characterized using an N5245B 4-port vector network analyzer (VNA). All
small-signal parameters, including ON-state insertion and return loss (IL and RL, respec-
tively), and OFF-state isolation (ISO) are measured on-die via RF probes with the set-up
shown in Fig. 4.11. Differential measurements are realized by pairing ports of the VNA
and exciting each port pair using the differential true mode stimulus option [69]. This
enables phase sweeping of the signal at one port with respect to the other in a port pair.
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Figure 4.11: Experimental set-up for small-signal measurements

Parasitics and losses of the probe pads and 200-pum long feedlines are de-embedded
from the small-signal data [70]. RF probes and VNA cables are calibrated with a standard
substrate using WinCal software. A separate open-circuit test structure is measured to
capture parasitics in shunt with each pad for de-embedding. A transmission line model
for the feedlines is also used to de-embed losses from each line across frequency, including
coupling to the substrate.

Isolation measured in the OFF state is plotted in Fig. 4.12. It exceeds 50 dB from
DC to 43 GHz when the switch is driven differentially. The advantages of the proposed
design are clear when single-ended isolation is compared to the isolation realized across
differential port pairs. The single-ended isolation is just 12 dB at 40 GHz because there is
strong parasitic RF coupling between the drain and source transistor terminals, mainly via
the substrate. This RF coupling is effectively canceled when the proposed switch topology

is excited differentially, and the measured isolation increases by more than 40 dB at 40
GHz.

The effect of differential phase error on isolation in the OFF state was measured at 4
frequencies. The results are plotted in Fig. 4.13. Ideally, the input is purely differential,
with identical amplitudes and 180° phase difference (i.e., zero phase error). The through
and cross-coupled paths of the switch are matched very well at 10 GHz, where 0° phase
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Figure 4.12: Measured isolation in the OFF state

error maximizes isolation. However, frequency-dependent mismatch, which is affected by
parasitic capacitance mismatch between switching transistors, causes the phase error for
maximum isolation to vary by up to £20° as the input frequency rises. Nevertheless,
isolation greater than 50 dB is attained across a wide range of phase error at 40 GHz, as
seen from Fig. 4.13. The differential IL increases by 0.5 dB from its zero-phase-error value
up to £60° differential phase error. As a result, phase calibration has minimal impact on
IL compared to isolation.

Small-signal measurements in the ON state for the SPST switch are shown in Fig.
4.14. Return loss (i.e., RL=|S};|) exceeds 10 dB across the range from DC to 43.5 GHz.
Insertion loss is less than 3 dB across the same band in both phase-shift states (i.e., 0°
and 180°). The measured noise figure is consistent with the IL data (i.e., identical). Phase
shift measured across frequency for the two-phase states is very close to the ideal (180°)
as seen from Fig. 4.15. Relative phase shift measurements realize a maximum phase shift
error of less than 1.4° across the entire band. The average group delay measured across
frequency is flat at approximately 400 ps, as shown in Fig. 4.15.
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simulation results as dashed lines

4.3.2 Large-Signal Measurements

An external wideband amplifier (DC-24 GHz with P1;5=27-dBm max.) is used to attain
the power levels required to characterize large-signal compression and intermodulation
behaviors of the switch (see the experimental set-up of Fig. 4.16). Compression of IL
in the ON state is independent of the excitation mode (i.e., differential or single-ended),
therefore single-ended excitation is used to avoid balun losses at the switch ports used for
single-ended-to-differential conversion. Since the RF port bias is blocked by the PA, a
broadband bias-T is used to bias the input port to 1 V, as shown in Fig. 4.16.

The resulting input power compression (IP145) and third-order intercept (IIP3) points
measured from 4GHz to 24GHz are plotted in Fig. 4.17a. The measured frequency range is
limited by the external amplifier’s bandwidth. It is expected that large-signal compression
and intermodulation characteristics below 4 GHz and above 24 GHz (i.e., from 25 to 43
GHz) do not vary significantly from the measured trends. Measurements predict an average
[P14p of 15.8 dBm and average IIP3 of 25.2 dBm across frequency where the difference is
9.4 dB. Detailed IP145 (+16 dBm) and IIP3 (422.5 dBm) behaviors measured at 10 GHz
are plotted in Fig. 4.17b. The differential input powers required to reach compression
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Figure 4.16: Experimental set-up for large-signal measurements

(DIPy4p) and the intermodulation intercept (DIIP3) are 3-dB higher than the single-ended
measurements, at +19 dBm and +25.5 dBm, respectively. The simulated IP45 is +19
dBm at 10 GHz, which is 3-dB higher than the measured IP45 data.

4.4 High-Isolation 60-GHz SPDT Switch Design

The proposed SPST switch is a circuit building block that is used to develop a tuned,
60-GHz SPDT switch. To characterize the SPDT switch, the number of test ports is
constrained to a maximum of 4 (50-Q2) ports. Since the SPDT switch has three differential
or 6 single-ended 50-Q) ports, a balun is used at the common port (i.e., antenna port) to
transform the differential output to a single-ended port. Moreover, the balun turns ratio
can be used to facilitate impedance matching of the switch output to 50 €.

Fig. 4.18 shows the proposed SPDT switch circuit schematic diagram. The design
adopts 2 fully-differential SPST switches using the proposed SPST switch described in
Section 4.1 to 4.3 . Since, the impedance seen by each switch port is capacitive, ports P, and
P, are matched to 100 € differentially using series inductors Lj;; and shunt capacitor Cy,
and port P3 is matched to 50 € via a balun (i.e., Lg; and Lpgs) and shunt tuning capacitor
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Figure 4.19: Small-signal characterization for floating-body transistors with aspect ratio
W /40 nm: (a) single series switch schematic, (b) maximum available gain (MAG) simula-
tions for the series switch of part(a), (c) differential SPST switch schematic, and (d) MAG
simulations for the differential switch of part(c)

Cp1. Transistors M; and M, have the same transistor aspect ratio, which maximizes
isolation in the OFF state. It should be noted that increasing the switch size rises the
input capacitance, therefore a smaller inductor value is required when tuning it to the
60-GHz operating frequency.

4.4.1 Transistor Sizing

The SPST switch achieves isolation that is insensitive to transistor sizing by equalizing the
substrate coupling across in-phase and anti-phase ports. However, little attention is given
to the insertion-loss variation as the transistor width is changed.

Fig 4.19 shows the maximum available gain (MAG) of a conventional series switch and
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the proposed SPST switch in a stand-alone 2-port small-signal simulation test-bench across
different total device widths, W. The transistors used in the simulation are floating-body
devices with an aspect ratio of 1 um/40 nm. All transistors are RC parasitic-extracted to
the highest aluminum metal layer of BEOL stack 18. As expected for the conventional series
switch (see Fig. 4.19a, b), the insertion loss decreases with increasing the device width.
On the other hand for the differential SPST switch (see Fig. 4.19¢, d), the insertion loss is
almost constant across width, and increases with increasing frequency. The trend for the
SPDT switch follows the analysis shown in Section 4.2.2, where the time constant R,,Coys
is insensitive to the device width, as given by:

(Cop | C%) + (Cgs || Cra) I
,uCox(VGs - VTH) o

Ry Cops = (4.6)

where (C7, || C%) + (Crq || Cfy) is the equivalent capacitance of a unit transistor. Its min-
imum value is determined by setting the device length L at its minimum. The insertion
loss increases with frequency as expected from Eqn. 4.3. Moreover, the variation of inser-
tion loss across the width is mainly due to the extrinsic RC parasitics of the interconnect
metals.

4.4.2 Passive Component Design

The design of passive components for impedance matching at the SPDT switch ports
is highly dependent on the device input impedance, which depends on switching device
dimensions. As stated in the previous subsection, the MAG of the IL is almost independent
of the transistor width, as a result, the selection of width should facilitate matching to
single-ended 50-(2 or differential 100-€2 ports. Fig. 4.20 shows the proposed impedance
matching plan for the SPDT switch designed in this work. Firstly, the transistor input
impedance, with extracted BEOL parasitics, is swept across different width settings. Since
R,, decreases and C,s¢ increases with increasing transistor width, the impedance Zgw
moves towards the short circuit point as shown in Fig. 4.20. Matching to 100 €2 is easily
achieved by setting the real part of impedance Zx (Re{Zx}) close to 50 Q (i.e., using a
device width of 30 pm (see Fig. 4.20)) and Re{Zy } close to 100 2. As a result, Zy can be
rotated to the origin of the Smith chart using a series inductor. It should be noted that
the best performance is realized when the minimum number of high-Q (i.e., Q exceeds 15
at 60 GHz) passive inductors are used.

The inductance of the balun primary winding Lp; at the antenna port is used to
transform a 50-Q2 port to a differential Re{Zsw} load via the secondary winding Lps.
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The secondary, Lps is shared between two SPST switches. Impedance Zx is designed to
conjugate match to Zsy for maximum power transfer. It is translated to Zy by raising
the switch input resistance close to 100 2. A series inductor L, is required to tune out
the input capacitance of the switch. MIM capacitors Cg; and C); are used to adjust
the impedance matching at the three ports, taking into account the parasitic substrate
capacitance of the inductors.

Fig. 4.21a, b shows the physical dimensions of the passive inductors designed using
the 3 top metal layers (i.e., OA, OB, and LD) of the BEOL stack. Magnetic coupling is
realized by stacking inductors to minimize the parasitic capacitance to the substrate. Two
stacked floating-body NFET switches with aspect ratios of 60 pum/40 pum are adopted to
improve signal compression characteristics, where the BEOL structure for the terminals is
shown in Fig. 4.22.

Fig. 4.23 shows the physical layout for EM simulation of the SPDT active area. The
interconnects between switch components increase the overall insertion-loss and perform
impedance shifts across circuit nodes, and therefore several EM iterations are required for
frequency tuning. Table 4.1 lists a summary of the passive element parameters used in the
SPDT switch design.
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Figure 4.21: 3D isometric views (a) antenna port balun (b) single-ended inductor of the
PA/LNA ports
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Figure 4.22: 3D isometric view of BEOL stack of a single switch element

Figure 4.23: Physical layout of the SPDT switch active area for EM simulation
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Table 4.1: Passive Component Parameters for the SPDT Switch

Element Width din?eliltsigns Inductance! Capacitance fg g&gli(ri{g)l Q @60G

Lpi/Lps  8um 55um x 55um 134/87pH — 0.514 14/22
Ly 8um 53pumx53um 152pH — — 42.6
Cp1 — 10pmx14.5um — 381F — 540
Cu — Tpmx9pum — 15fF — 550

! Simulated at 1 MHz frequency, where parasitic capacitances are negligible

4.4.3 Fabricated Prototype Layout

A die photo of the fabricated prototype is shown in Fig. 4.24. The DC bias at the RF
ports is set at 1 V, which is the maximum Vg allowed in the 45-nm technology. The gate
control voltage ranges from 2 V in the ON state to 0 V for the OFF state. Large-signal
compression is determined by the magnitudes of these voltages, and maximizing the values
improves the power compression and intermodulation distortion limits of the SPDT switch.
The RF probe pad and feeding lines, with =~ 0.1 dB loss, are designed to match each port
to a 50-Q termination (or 100-(2 differentially) using the top 4.125-pm thick aluminum
layer. The 8-metal BEOL stack (Option 18) in the 45-nm RF-SOI CMOS technology is
used. The total active area for the switch is 0.117 mm?.

4.5 Simulation Results

This section presents the small-signal and large-signal simulation results of the 60 GHz

SPDT switch. Furthermore, process, voltage, and temperature variations are simulated at
60 GHz.

Small-signal simulations in the ON state for the SPDT switch are shown in Fig. 4.25.
The return loss (RL) at both input and output ports exceeds 10 dB across 55 to 65 GHz.
Insertion loss is less than 3.5 dB across the same band in both phase-shift states (i.e., 0°
and 180°) with a relatively flat response having just +0.125 dB variation. Isolation (ISO)
simulated in the OFF state is plotted in Fig. 4.26. ISO exceeds 40 dB from 55 to 65
GHz when the switch is driven differentially. Simulated [SO is finite due to a mismatch of
transistor parasitics and routing the differential signals of the physical implementation.
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Figure 4.26: Small-signal OFF-state simulation results

Large-signal simulations for the SPDT switch is shown in Fig. 4.27. The input 1-dB
compression (IP145) and intermodulation intercept point (IIP3) are simulated at 60 GHz
using differential excitation at ports 2 while monitoring the insertion loss compression and
third-order powers at port 1 (see Fig. 4.20). Simulations predict an IP145 and ITP3 of
+21.5 dBm and 436 dBm, respectively.

Process variations are simulated using Monte Carlo simulations. The results for 500
samples at 60 GHz are shown in Fig. 4.28. The average insertion loss is -3.49 dB with a
variation of £0.15 dB and a standard deviation of 0.045 dB, as shown in Fig. 4.28a, b.
The average isolation is -43.8 dB with a variation of &1 dB and a standard deviation of
0.272 dB, as shown in Fig. 4.28c, d.

Supply variations are carried by simulating the design by varying the supply voltage
with +5%(i.e., 1.9 V to 2.1 V supply). The variation in insertion loss at 60 GHz in re-
sponse to supply variation is £0.1 dB. However, isolation is insensitive to supply variations.
Changing the simulation temperature from 0°C to 85°C predicts insertion loss and isolation
variations that follow the same pattern as the supply variations.
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4.6 Literature Comparison

The performance of the SPST prototype is compared to representative examples from the
recent literature in Table 4.2. In [71], a shunt inductor is connected to D, S terminals of a
floating-body device to synthesize an open circuit at resonance. While simple to implement,
the inductor occupies a large area compared to the switch size, isolation performance is
inherently narrowband (i.e., 5 GHz), and tuning is susceptible to processing variations.
The design proposed in this work realizes at least 20-dB greater isolation than [71] across
43-GHz bandwidth. It also realizes at least 25-dB greater isolation than [72], which is a
conventional series-shunt switch topology implemented using the same 45-nm SOI node.

Maximum measured values of the proposed SPST switch for input compression of the
IL and the input third-order intercept points are +16.6 dBm (DIP1,5=+19.6 dBm) at 20
GHz and +27.4 dBm (DIIP3=+30.4 dBm) at 20 GHz, respectively, which is comparable
to the best results realized for CMOS switches biased from low-voltage (i.e., less than
3 V) supplies. Furthermore, it realizes 12.5 dB larger compression than [72], which is
implemented using the same technology node. The capability for 180° phase shifting for
the new SPST circuit is also advantageous for phased-array antenna applications, as it
relaxes the range required from a dedicated phase shifter.
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Simulation results for the proposed SPDT switch are listed in Table 4.2. Small-signal
simulations predict an IL of less than 3 dB from 55 to 65 GHz, which is larger than the IL
reported in [72] by 0.5 dB at 60 GHz, and equivalent to the reported in [73] at 24 GHz.
Isolation remains larger than 40 dB across the 10-GHz bandwidth, which greater than the
reported in [72] and [741] by 15 dB and 10 dB, respectively, at the 60-GHz band. Isolation
is maintained larger than the reported at different frequency bands from all designs listed
in Table 4.2. The SPDT switch predicts an IP145 of 21.5 dBm, which is larger than the
reported at the 60-GHz band in [71] and [72] by at least 11.5 dB. Furthermore, the proposed
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SPDT provides a phase shift of 180°, which is not offered by other examples listed in Table
4.2.

4.7 Conclusion

A new, wideband SPST RF switch uses anti-phase RF signal coupling to realize greater
than 50-dB ISO in the OFF state across DC to 43 GHz, IL less than 3 dB, and differential
[P14p of +19.6 dBm. Wideband, 60-GHz SPDT switch predicts larger than 40-dB ISO
in the OFF state and less than 3.5-dB IL in the ON state from 55 to 65 GHz. Large-
signal IP4p is 21.5 dBm. In addition, Both SPST and SPDT switches facilitate 180°
phase-shifting across each switch, which is useful in phased-array transceiver applications.
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Chapter 5

CMOS Passive Phase Shifter Design

5.1 Introduction

Passive phase shifters are reciprocal networks that can be shared between an LNA and
PA in a reconfigurable transceiver. Moreover, they consume no DC power, which is an
advantage for low-power applications. However, they usually occupy a larger physical area
when compared to active phase shifters, and introduce high insertion loss, especially with
increasing phase resolution (as outlined previously in Chapter 2).

The design proposed in this work, shown in Fig. 5.1, targets an insertion loss (IL)
of less than 7 dB with less than 2 dB IL variation and smaller than 10 ps group delay
deviation across phase shift states with a phase resolution of 11.25° per step. Moreover,
during design iterations, the chip area of the phase shifter is kept as small as possible.
Figure 5.1 shows a block diagram of the cascaded phase shift blocks realized in this work.
The phase shifter consists of 3 blocks, a single-step 90° phase shifter, a distributed 90°
phase shifter, and a 180° phase inverter. The phase shifter realizes a uniform response
by employing cascaded true-time delay cells of identical phase shifts using binary control.
The design is calibration-free, however, it is required to calibrate phase against the process,
voltage, and temperature (PVT) corners.

Fig. 5.2 shows the insertion phase states distribution across 360° range. The single-step
phase shifter blocks of 90° and 180° target symmetric insertion loss across their by-pass
(i.e., 0° phase shift) and phase-shift states of 2 dB each. The distributed 90° phase shifter
incorporates an artificial slow-wave transmission line with switched-capacitor network con-
trol. The distributed approach is realized using a cascaded true-time delay unit of a 7-LC
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Figure 5.3: Detailed block diagram of the proposed reciprocal passive phase shifter

74



passive network. The insertion loss introduced is limited by the quality factor of the
switched capacitor cell. As a result, the insertion loss gradually increases with increasing
the insertion phase shift of the cascaded cells. The target insertion loss of the distributed
90° phase shifter is set between 1 dB and 3 dB as shown in Fig. 5.2. Therefore, the total
insertion loss of the phase shifter is expected to change between 5 dB and 7 dB.

The detailed behavioral block diagram of the phase shifter is highlighted in Fig. 5.3.
Ground parasitic inductance is avoided by adopting a fully-differential signaling scheme,
so the ground plane does not affect the RF signal path and may be completely removed.
However, the design has to be fully balanced to minimize insertion loss and phase shift
errors due to differential signal imbalance.

A single-step 90° phase shifter is designed using a switched by-pass/LC network [18].
The values of the passive components are determined by the amount of relative phase shift
¢, the operating frequency w,, and the matching impedance Z,. In the by-pass state, the
input and output ports are connected via a by-pass switch, and a relative phase shift of 0°
is introduced.

The distributed 90° phase shifter shown in Fig. 5.3 is based on the slow-wave trans-
mission line concept [76]. The total phase shift is broken down into smaller steps, where
each step is realized by a true-time delay cell that has a constant group delay for a linear
broadband phase shift. A true-time delay switched phase cell is realized using an LC net-
work with a characteristic impedance Z, of 50{2. The cell phase can be changed using a
switched-inductor network or a switched capacitor network or both. A switched capacitor
control scheme is adopted as it is more linear than the switched inductor scheme, since the
self-resonance frequency (SRF) of fF-range capacitors are larger than pF-range inductors
in the 60-GHz band in the 45-nm SOI-CMOS technology.

The 180° phase shifter with symmetric loss is designed using the SPST switch described
in Chapter 3. It is simply implemented by inverting the differential ports such that the
output RF signal appears with a 180° phase shift. It should be noted that in a fully recon-
figurable transceiver, the 180° phase shift is realized using the SPDT switch as discussed
in Chapter 3. Therefore, the total insertion loss of the phase shifter can be further reduced
to approximately 3-to-5 dB at 60 GHz.

5.2 Analysis of Phase Shifter Blocks

This section deals with the analysis and design of each phase shifter sub-block to determine
values for the circuit parameters. This information is useful as a starting point for more
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Figure 5.4: Differential switched-LC passive phase shifter (a) circuit schematic (b) by-pass
simplified small-signal equivalent circuit (V,='1") (c) phase shift simplified small-signal
equivalent circuit (V.='07)

detailed simulations and parameter refinement using EM simulation tools.

5.2.1 Single-Step 90° Phase Shifter

Fig. 5.4a shows the circuit design of the 90° phase shifter. The design adopts the single-
ended topology described in [18] in a fully differential scheme using lumped inductors.
The small-signal equivalent circuit of the by-pass state is shown in Fig. 5.4b. When V
is ON, the switch by-passes the RF signal to the output port, and the insertion loss is
determined by Roni. The inductor (Lg) resonates with the equivalent OFF capacitance
of M3 (Corrs/2) by creating an open circuit to the virtual ground across f,, while the input
and output ports are shorted together through Royi1. The small-signal equivalent circuit of
the phase shift state is shown in Fig. 5.4c, when Vi is OFF. The phase shift is determined
by the values of Ly and Coprpe for specific matching impedance Z, and frequency w, .The
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parasitic capacitance Corpr1 should be small enough to prevent feedthrough to the output
port, so any change in phase shift caused by parasitic feedthrough is minimized. The values
of LT7 COFFQ, COFF3 and LR are given by .

Zot 2

Ly = —aglcb/ 5 (5.1a)

sin
Corra = — |Z¢|’ (5.1b)

2L
Coppg = Z—QT, (5.10)

1

Lp=————. 5.1d
"7 W2 (Corrs/2) (5.1d)

The values of the phase shifter parameters (Ly,Corpe) are deduced by transforming
the ABCD matrix of the corresponding equivalent circuits (neglecting the effect of Ron
and Copp1) to an S-parameter matrix [77], and then equating £S5 to the required phase
shift. For broadband phase shift (i.e., symmetric group delay), the group delay functions
of both states are equalized, leading to the value of Coprs. For broadband impedance
matching, Lg resonates with Corprs at w,.

5.2.2 Distributed 90° Phase Shifter

The slow-wave transmission line phase shift approach is shown in Fig. 5.5a [76]. The
differential capacitance between S+ and S- (which affects the phase shift) is determined
by the state of the floating switches connected to the floating strips, thus changing the
electrical length of the transmission line. As a result, a gradual phase shift is achieved
while keeping the characteristic impedance Z, to within +18% deviation from the port
impedance Z, for a return loss of greater than 10 dB. Using the transmission line theory [51],
the propagation coefficient of a repeatable transmission line lumped model (see Fig. 5.5)
may be expressed as:

v =VZY' = /(R + jwl) (G + juC") = a + jB, (5.2a)
R G'Z,

a= 27, + 5 (5.2b)

B~ wVL(C, (5.2¢)
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Figure 5.5: Slow-wave transmission line: (a) distributed approach using switched floating
strips (b) repeatable-lumped-element equivalent circuit model

where « is the attenuation constant that determines the insertion loss, and 5 determines
the phase shift across the line of length Al. Assuming that losses are negligible, the
characteristic impedance of the transmission line is given by:

Zy = \/g (5.3)

Therefore, for a constant Z, (of 50 ), a ratio of 2500 between L' and C” should be
maintained. The phase shift over the line is:

360°

S~ 360° fLAVLC. (5.4)
T

A¢ = BAl

By changing the capacitance C” of a nominal 50 2 line, the maximum allowed step-
up/down capacitance values for a broadband return loss of greater than 10 dB is the
equivalent to a change in the characteristic impedance to 41 € or 59 €. Thus, a switched
capacitor network that switches the transmission line capacitance per unit length by AC/2
can be designed to satisfy the following capacitance range (i.e., Cy to Cy):

. Ch 4+ Cy
— R
AC

Cl = + T, (55b)

Cl

(5.5a)
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AC
CQ = CN — T (55C)
Fig. 5.5b shows the lumped equivalent small-signal model of a transmission line slice.
Parameters R; and G¢ contribute to the slice insertion loss. The phase shift difference
over a slice using a switched capacitor network is express as :

& = Ady — Ay ~ 360°f,Al(\/LCy — /LCy). (5.6)

By designing a single slice that realizes a phase shift of the required resolution, slices
can be cascaded to realize a greater phase range without a matching network. It should
be noted that as the frequency increases, the inductance and capacitance values required
to realize a particular phase shift decrease. As a result, the physical area becomes smaller.

5.3 CMOS Phase Shifter Sub-Block Design

This section discusses the values of the phase shifter parameters at 60 GHz, passive elements
design, and layout for the prototype implementation.

5.3.1 Single-Step 90° Phase Shifter

Initial calculations of the phase shifter parameters are shown in Table 5.1. These values
are simulated with lossless components, where the results are shown in Fig. 5.6. Both
by-pass and phase shift states show wideband matching across 60 GHz with a return loss
greater than 10 dB between 50 and 68 GHz. Moreover, the insertion loss shows a wideband
response. It should be noted that losses of the inductors, capacitors, and CMOS switches
increase the overall insertion loss. Moreover, the parasitic capacitance of the by-pass switch
causes the phase to deviate from 90°, so the design values have to account for this variation.

Table 5.1: Passive Component Parameters for Single-Step 90° Phase Shifter

Element Lt Copr(Mz)  Copp(Ms) Lgr

Value  132.7 pH 53 fF 106.2 fF  66.34 pH
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Figure 5.6: 90° phase shifter small-signal loss-less simulation results: (a) return loss and
insertion loss (b) insertion phase

Figure 5.7: EM structure setup showing devices’ position and passives used

The design process involves several iterations in the electromagnetic simulation of the
phase shifter components. The phase shifter is designed for a 50-2 impedance seen at input
and output ports. However, the RF feeding interconnects cause impedances to shift when
connected to other circuit blocks. Therefore, the phase shifter components are designed
for smaller than 50 2 characteristic impedance to absorb the impedance shifts of the
feeding lines. As a result, the final values of the phase shift inductance and capacitance
are optimized for that purpose.
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Figure 5.8: Distributed lumped LC 90° phase shifter simplified schematic

Fig. 5.7 shows the EM structure of the single-step 90° phase shifter. The position of
the NFET switches is marked in red. The virtual ground centerline of the structure is
shown with a dotted line. The inductors are realized by stacking the top metal layers OB
and LD to lower the ohmic losses. The widths of transistors M;, Ms, and M;z are set to 44
pm, 136 pm, and 160 pm, respectively, while the channel length is set to the minimum of
40 nm for all transistors.

5.3.2 Distributed 90° Phase Shifter

Fig. 5.8 shows the schematic implementation of the lumped slow-wave transmission line.
The phase shifter consists of 7 cascaded cells, where each cell represents a m-model equiv-
alent to a 50-(2 transmission line for a reciprocal response. To minimize the physical area
of the phase shifter, the in-phase path is interwound with the inverting path so that the
magnetic coupling realizes the cell inductance in a smaller area. This implies that the
phase shifter can only be excited differentially. Each cell is designed to realize a phase
shift of 11.25°. Several EM simulation iterations are required to determine the induc-
tance and capacitance of the m-model that realizes 11.25° phase shift while maintaining
the characteristic impedance Z,. at 50 2.
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capacitance, (b) parallel resistance, and (c¢) quality factor
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Fig. 5.9a shows the design of the differential switched capacitor cell that is adopted
twice in the m-model of the phase shifter cell. The distributed slow-wave approach is
avoided, as it occupies a relatively larger area in silicon for a particular phase shift. The
design incorporates 2 floating MIM-capacitors with a floating NFET switch. When the
switch is ON as shown in Fig. 5.9b, the equivalent capacitance is set to Cysras/2. However,
the quality factor of the capacitor is reduced by the ON resistance of the switch. When the
switch is OFF, as shown in Fig. 5.9¢, the equivalent capacitance is set to (Carrar/2 || Corf)-
For large-signal (i.e., compression) considerations, the D and S terminals of the NFET
switch are biased to 1 V through Vg (see Fig. 5.9a), while the G terminal changes between
0 V and 2 V. Therefore, the switch compression is limited by the ON-state condition, when
the RF signal at either D or S terminals exceeds a peak of 1.4 V (assuming Vj;, of the NFET
device is 0.3 V).

The small-signal equivalent capacitance, quality factor (Q), and parallel resistance (R,)
of the switched capacitor cell are shown in Fig. 5.10. The differential capacitance changes
between 14.3 fF to 22.5 fF, with an average value of 18.4 fF. As a result, for an equivalent
50-€2 transmission line, the inductance required is 184 pH for both in-phase and inverting
paths to realize an 11.25° phase shift. This inductance is realized in a smaller physical area
by adopting the physical layout shown in Fig. 5.11.

Fig. 5.11 shows the EM structure of the distributed 90° phase shifter with emphasis on
the switched capacitor cell. The switched capacitor cell is realized using 2 MIM capacitors
of 46.4 fF each and a floating-body NFET of 80-um width and 40-nm length. Several
EM iterations are required to adjust the target inductance for realizing the required phase
shift.
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Figure 5.12: Die photo of the fabricated 360° passive phase shifter

5.3.3 Single-step 180° Phase Shifter

The design flow of the 180° phase shifter is the same as that introduced for the SPST
switch in Chapter 4. It consists of 4 FB-NFET transistors, each is 24-uym wide. Each
single-ended port is matched to 50 () using a series 194-pH inductor. It should be noted
that in a complete phased-array transceiver system, the 180° phase shifter can be employed
using the proposed SPDT switch in Chapter 4. As a result, the total insertion loss of the
phase shifter can be reduced by ~ 2 dB.

5.4 Fabricated Prototype Layout

A die photo of the fabricated prototype is shown in Fig. 5.12. The DC bias at the RF ports
is set at 1 V, which is the maximum Vg allowed in the 45-nm technology. The gate control
voltage of all switches changes between 2 V in the ON state and 0 V in the OFF state. The
large-signal compression is determined by the magnitudes of these voltages, and choosing
maximum values improves the power compression and intermodulation distortion limits of
the phase shifter. The floating D and S terminals of the switched-capacitor cell are tied to
1 V for the same purpose. The RF probe pad and feeding transmission-lines, with ~ 0.1
dB loss, are designed to match each port to 100 Q (differentially) using the top 4.125-um
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Figure 5.13: Small-signal return loss simulation results of the phase shifter (a) Si; (b) Sao

thick LD aluminum layer. The 8-metal BEOL stack (Option 18) in GlobalFoundries 45-nm
RF-SOI CMOS technology is used for the implementation. The total active area of the
phase shifter is 0.245 mm?.

5.5 Simulation Results

Fig. 5.13 shows the differential return loss simulation results for input (port 1) and output
(port 2) ports across all phase shift states. Simulations predict a wideband return loss of
greater than 10 dB across the 55-65 GHz band. As a result, the phase shifter can be shared
between the transmitter PA and receiver LNA in a mm-wave transceiver.

The differential insertion loss simulated across all phase shift states is plotted in Fig.
5.14. The simulated average insertion loss (IL) is 5.3 dB at 60 GHz. The IL varies between
5 dB at 55 GHz and 6.5 dB at 65 GHz, showing excellent IL flatness across 10-GHz
bandwidth. The IL variation across states at 60 GHz ranges between 4.6 dB and 6.1
dB. This small change (i.e., 1.5 dB) facilitates the design of a compensating variable-gain
amplifier that can be part of transmitter PA or receiver LNA. The rms error of the IL is
less than 1 dB across the entire 55-65 GHz band.
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Figure 5.15: Small-signal insertion phase simulation results of the phase shifter across all
states (a) ZSs (b) group delay

Fig. 5.15a shows the insertion phase across all phase states for the 55-65 GHz band. The
phase shifter 5-bit control signals are swept, showing excellent linear phase shift response
with 11.25° phase resolution. The red lines highlight the single-step phase shifters of 0°,
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Figure 5.16: Small-signal relative phase shift simulation results of the phase shifter across
all states with rms phase error

90°, and 180°. The insertion phase is further assessed by plotting the group delay response
across all phase states, as shown in Fig. 5.15b. The simulated average group delay at 60
GHz is 61 ps with smaller than 2 ps group delay deviation across 55-65 GHz band. The
group delay variation ranges between 57.5 ps to 63 ps at 60 GHz, and the group delay rms
error is smaller than 4 ps across 55-65 GHz.

Fig. 5.16 shows the relative phase shift across all states. The phase shift states cover
the 360° range with 11.25° steps. Phase shift rms error is more representative in terms of
the phase quality. The rms error is calculated from the deviation of the simulated phase
shift from its ideal response across each frequency. Simulations predict smaller than 7°
rms error across all states for the entire frequency band. These results predict that the
phase shift error is smaller than 1 LSB. As a result, each control word corresponds to one
particular phase shift value with no overlap between 4+ 1 LSB phase shift values.

Fig. 5.17a shows the results for large-signal simulations of the 1-dB gain compression
point across all phase states at 60 GHz when driving port 1 (i.e., closer to the single-step
90° phase shifter). The minimum input power compression is predicted at 16 dBm when
the phase shift is 90° or 270°, and the maximum input power compression is 20 dBm when
the phase shift is 11.25° or 191.25°. The minimum and maximum I P45 values of the phase
shift are limited by the switches M;, My, and Mj (see Fig. 5.4) of the 90° phase shifter,
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which experiences early compression compared to the other phase shifter sub-blocks in the
chain under large-signal excitation. These results predict excellent linearity performance
compared to literature. In this work, a new linearity definition is introduced that is related
to phase compression. Fig. 5.17b shows the input power that corresponds to the phase
shift compression by £LSB/2 at 60 GHz. Phase states that reach an input power of
20 dBm are phase compressed at greater than or equal 20 dBm. This means that the
phase compression of some states hasn’t been noticed for power levels below 20 dBm. The
minimum input power for phase compression is 16 dBm when the phase shift is 90° or 270
°. Based on simulations, the 90° phase shifter limits the linearity performance compared
to other blocks. If larger power handling is required, device stacking may be adopted to
boost the early compression of the 90° phase shifter.

Large-signal compression is simulated at port 2 (i.e., closer to the 180° phase shifter)
and predicts an I Pyp of ~18.5 dBm across all phase states. Phase compression is not
noted up to 20 dBm power sweep. Simulations predict that the large-signal performance
when driving port 2 is limited by the 180° phase shifter. However, device stacking may be
used to increase power handling, if required.
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5.6 Literature Comparison

The performance of the proposed phase shifter and other designs from recent literature are
listed in Table 5.2 for comparison. The phase shifter is fabricated in 45-nm SOI-CMOS
using BEOL option 18. The input and output ports are wideband matched to 100 €2, with
a simulated return loss of greater than 10 dB across 55 to 656 GHz. This bandwidth is
larger than that of most other designs operating in the 60-GHz band. The phase shifter
is digitally-controlled by a 5-bit word giving 11.25° phase resolution, which is the smallest
resolution among other designs with an rms phase error of smaller than 7°. The average
insertion loss of the complete network is 5.3 dB with a smaller than 1 dB rms IL error.
This insertion loss is the best among the designs listed in Table 5.2, where comparable
insertion loss is achieved at larger phase resolution (as in [17,50]), or larger insertion loss
is realized at the same phase resolution, as in [18]. The simulated large-signal Pjyp of the
phase shifter for a differential input is 16 dBm, and is limited by port 1. Large-signal
performance is the best among the passive designs, with smaller than 12 dBm, as in [50].
The active physical area of the prototype is 0.245 mm?, which is comparable to the other
passive designs listed in Table 5.2.

5.7 Conclusion

This chapter discusses the design and implementation of a fully differential wideband 360°
passive phase shifter at the 60-GHz band. The proposed design adopts a 90° switched-
LC network, a distributed 90° slow-wave switched-C network, and a phase inverter. The
simulated average IL is 5.3 dB with a smaller than 1 dB rms IL error. The resolution of
the phase shift is 11.25° with smaller than 7° rms phase error. The fabricated prototype
consumes an active area of 0.245 mm? using BEOL metal stack option 18 of the 45-nm

SOI-CMOS technology.
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Chapter 6

CMOS Low-Noise Amplifier Design

6.1 Introduction

A wideband, low-noise amplifier (LNA) of a CMOS receiver is essential in phased-array
beamforming front-end radios. Based on the link-budget analysis of wireless up-link /down-
link deployment scenarios, a low-noise operation is essential to minimize contribution to
the thermal noise floor. Moreover, enough power gain is required to account for insertion
loss (IL) of the single-pole, double-throw (SPDT) switches connected to the amplifier and
to achieve the required signal-to-noise (SNR) ratio of the receiver sensitivity. Additionally,
the amplifier should consume minimal DC power consumption (i.e., less than 30 mW)
required for low-power wireless handset applications. Moreover, LNAs should provide
sufficient linearity to prevent RF signal compression and harmonic distortion across later
blocks in the receiver chain.

Based on the specifications introduced in Chapter 1, the LNA should provide a forward
gain of 20 dB, wideband matching across 57-64 GHz or larger, a noise figure of 3 dB with
minimum variation across the same band and at the lowest possible power consumption,
and occupying the smallest physical area. The proposed design flow is outlined as follows.
Firstly, selected devices from the 45-nm SOI-CMOS technology are characterized for low
noise and high gain including layout parasitics. Secondly, a 2-stage amplifier topology
is introduced which is designed for simultaneous noise and power matching at the input.
A summary of the passive component designs developed for the LNA implementation is
then summarized. Top-level simulation results are presented with input and output ports
matched to 50-§2 terminations (i.e., 100 €2 differentially). Simulation results are then
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presented. Finally, the LNA performance is compared to designs reported in the recent
literature.

6.2 A 2-stage, 60 GHz Low-Noise Amplifier Design

This section provides details on the common source NFET transistor characterization,
impedance noise and power matching plan, a 2-stage amplifier design including transistor
sizing and passive components design, and the layout of the fabricated prototype.

6.2.1 Device Characterization for Noise and Gain Performance

The 45-nm SOI-CMOS technology offers several FET devices optimized for different ap-
plications. Among these devices, the floating-body (FB) NFET device has a lower noise
figure than the body-contact (BC) transistors. This is primarily attributed to the increased
gate-electrode resistance of BC transistors compared to FB transistors [78]. Although FB
devices exhibit the kink effect in their DC I-V characteristics [79], this does not affect
the linearity of the LNA at lower received power levels (i.e., below -60 dBm). A single
transistor aspect ratio of 1 pm/ 40 nm is chosen and a double-contacted gate is used in the
transistor layout to minimize the extrinsic gate resistance, which is an unwanted source of
thermal noise.

Fig. 6.1 shows simulation results of the minimum noise figure (NF,,;,) at 60 GHz for a
common-source FB-NFET with changing Vs and Vps. The device achieves its minimum
noise figure of 1.4 dB when Vg = 0.4 ~ 0.5 V and Vpg = 1 V. Moreover, as Vpg decreases,
the minimum noise figure becomes a stronger function of Vg as the threshold voltage Vg
is approached. Also, NF,,;, increases by 0.2 dB as Vpg decreases from 1 V to 0.5 V
Since a 2-stage amplifier is designed to realize the desired overall gain of 20 dB, low-
noise operation in the first stage is required to minimize the input-referred noise figure.
Furthermore, minimizing DC power consumption is also important for wireless handset
applications consuming less than 30 mW. For this purpose, a Vg of 0.5 V and a Vpg of
1 V are selected. This operating point realizes an NF,,;, of 1.4 dB, a DC power density
(Ppe/W) of 270 pW /pm, and an intrinsic power gain of 10.43 dB at 60 GHz.

Fig. 6.2 shows a DC simulation of the FB-NFET for Vg and Vpg swept from 0.3 V to
0.7 Vand 0.5 V to 1 V, respectively. This simulation is used to predict the current density
required for the minimum noise figure and the expected power consumption of the overall
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amplifier. Based on a Vgg = 0.4 ~ 0.55 V (i.e., for NF,,;, to remain below 1.5 dB), Ipg
consumed by a 1-pum wide device from a 1-V supply ranges between 150 pA to 350 uA.
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Figure 6.1: Minimum noise figure (NF,,;,) for a floating-body NFET device of aspect ratio
1 pm/40 nm at 60 GHz with Vgg and Vpg sweep
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Figure 6.2: D-to-S current (Ipg) for a floating-body NFET device of aspect ratio 1 pm/40
nm at 60 GHz with Vgg and Vpg sweep
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Figure 6.3: FB-NFET device 60-GHz small-signal simulation for Z;,,, Z,., and Z,,

A small-signal simulation for input, output and optimum noise impedances (Zi,, Zout
and Z,,) at 60 GHz of a common-source transistor for different transistor width (10 pm
to 50 pum) in a 50-§2 system is shown in Fig. 6.3. For stand-alone LNA characterization,
Re{Z,p} is set close to 50 2 for noise matching by choosing a device width of 25 pm biased
at the optimum current density for the lowest N F},,;,,. The real part of the input impedance
(i.e., Re{Z;n}) is set to 50 €2 by adding a source degeneration inductor L to increase the
input resistance by wlLs. A gate inductor in series with the gate is used to simultaneously
match the transistor for maximum power transfer and minimum noise figure to a 50-2
signal source (i.e., simultaneous noise/power match). The output impedance is matched
to 50 © by tuning the output impedance Z,,; at 60 GHz using drain inductor. A floating
capacitor may be used for impedance matching and DC power blocking to the output
port. This matching methodology is only valid for a single-stage amplifier. A multi-stage
amplifier design requires conjugate inter-stage matching, so gain circles (i.e., impedance
circles where the gain is constant) vs. noise circles (i.e., impedance circles where noise
figure is constant) are a better representation to illustrate the compromise between gain
and noise performance when matching is performed across stages.

Fig. 6.4 shows the noise and gain circles of a 20-um wide FB-NFET transistor in the
common-source configuration at 60 GHz biased at 270 pA/um. Each circle corresponds
to a range of impedances where noise figure (NF) and maximum available power gain
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(MAG) remain constant. A bigger circle means that the corresponding impedances realize
a constant larger NF and lower MAG. The minimum noise figure of the transistor is 1.5 dB
at 60 GHz with a Z,,; of 63.445147.2 (Q2) (see Fig. 6.4), which is insensitive to transistor
scaling assuming constant bias current. Each larger circle with impedances moving away
from Z,,; corresponds to an increase in the device noise figure with 0.1 dB steps. The MAG
of the transistor is 10.43 dB at 60 GHz and the MAG contour is the smallest dotted circle
shown in Fig. 6.4. Larger circles correspond to a decrease in the gain in steps of 1 dB.
Usually, Z,,+ doesn’t necessarily fall on the MAG circle [30]. However, the simulations show
that they are very close in this case. As a result, matching to Z,,; also realizes a power gain
close to MAG of the transistor. Furthermore, source and load stability circles (i.e., circles
defining source and load impedances that realize unstable and stable amplification) are
plotted showing the impedance range that corresponds to stable amplification. Of course,
any impedance outside the smith chart has a negative resistance which is impractical to
implement using passive components, thus any impedance value outside both source and
load circles and inside the smith chart maintains a stable amplifier. A 3D projection of
both noise and gain circles is shown in Fig. 6.5. The noise circles are plotted from N F},;,
up to 2.2 dB in 0.1 dB steps. The gain circles are drawn from MAG down to 6.43 dB in 1
dB steps.

It should be noted that a device dimensions of 20pum/1um is chosen to limit the DC
power consumption, especially for a differential LNA that uses 2 devices in each stage of
amplification. Moreover, the interconnect capacitance added by BEOL parasitics helps in
reducing the size of the tuning inductor required for matching, thus reducing the noise
figure contribution (i.e., lower resistive losses) by reducing the inductor’s winding unfolded
length. The DC power consumption of one differential stage biased at Vg = 0.5 V and
Vps =1V is 10.8 mW, so a 2-stage amplifier requirement consumes 21.6 mW.

6.2.2 2-Stage Common-Source Amplifier Schematic

In this work, a 2-stage amplifier design is developed for handset applications. Careful
impedance matching should be performed to achieve peak performance (i.e., NF~1.5 dB
and G~10.43 dB per one stage) from active and passive components of the amplifier. Fig.
6.6 shows the schematic of the proposed 60-GHz LNA developed in this work. Each stage
consists of a common-source differential amplifier with feedback capacitors (Cn1, Cn2) to
compensate for reduced forward gain due to the Miller effect (i.e., C,q feedback) by setting
Oy = —Cyq. If Cn exceeds -Cyq, the amplifier’s stability factor decreases and approach
unity.
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Figure 6.6: 2-stage low-noise amplifier schematic

For stand-alone LNA characterization, input and output port impedances are matched
to 100 Q differentially. The amplifier has 3 matching networks. The input matching
network consists of 3 transformer windings: L;, Lgi, and Lg;. Windings L; and Lg;
transform 100 €2 to the signal source impedance of both noise and gain matching at 60
GHz. Technically, the NFET is sized to set Re{Z,,} to 100 €. However, due to the
impedance shifts caused by BEOL RC parasitic networks, the transformer turns ratio is
set to 1:1.53 (i.e., not exactly 1:1). Winding L, is used as a source degeneration inductor
to boost Re{Z;,} to 10092 for power matching. However, the amplifier gain decreases
when degeneration is added. By coupling Lg; to Lgi, wide-band matching and reduced
transformer losses can be realized [58] (i.e., transformer feedback between Lo and Lgq).

The inter-stage step-up transformer (Lpi,Lgo) performs noise matching to the second
stage. Moreover, it allows DC bias isolation between the two stages of the LNA. Several
efforts were made to simultaneously noise and power match the first stage to the second
stage by adding a source degeneration inductor. However, since the target bandwidth is
6-7 GHz, source degeneration for the second stage can be neglected. The output matching
network is a lumped LC network that transforms the capacitive impedance seen by the
output stage to 100 €.

Both amplifier stages are biased at Vgg = 0.5 V and Vpg = 1 V. The first stage gate
bias is driven by a poly-silicon resistor R of 25 k€2 for each device. The other DC biasing
nodes are the AC ground nodes of the corresponding transformer windings.
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6.2.3 Impedance Matching Plan

Fig. 6.7 summarizes the impedance matching across different amplifier components from
source to load. The input port impedance Zj starts from the Smith chart center at 100
(2. The input matching network moves Zg to Zx to simultaneously match it to Z,, and
Z;O while Lg; degenerates the source terminal and moves Zry pgr to Z;(. The output
impedance of the first stage Zy is matched to Z,; by the inter-stage matching network.
The output impedance of the second stage, Zy is matched to a 100-§2 load, Z;, by a lumped
LC matching network. Capacitor C, blocks the supply voltage of the second stage from
the output port.

6.2.4 Active/Passive Components Design

Fig. 6.8 shows the layout of the NFET. The device consists of 4 multiples of 5 interdigitated
fingers each, where the finger width and length are 1 ym and 40 nm, respectively. The
finger placement is aimed at minimizing the gate resistance of the device by creating a
mesh network of gate fingers, and then creating a double contact for the mesh using the
BEOL metal routing shown in Fig. 6.8. Simulations after parasitics are extracted for
these devices predict a 0.15 to 0.2 dB reduction in the device N F,,;, compared to a layout
comprised of 20 interdigitated finger. The differential pair use a feedback capacitor Cy
of 8 fF for the first stage, and Cyo of 15 fF for the second stage. The feedback capacitors
are realized using the VNCAP kit model and implemented using the C1 metal layer.
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Table 6.1: Passive Component Design Parameters for the LNA

Element Width din?eliltsii)ns Inductance! Capacitance fg S&I)rh(fi{g)l Q @60G
L;/L¢y Spum/6pm  65umx65um  97.3/228pH — 0.56 28.5
Lgi/Lsy 6pm 65um X 65m 228 /66pH — 0.2 26.5/42
2Lp1/2Lg2  10pm/8um  70pumx70pm  118.5/192pH — 0.6 25.4/26.3
2L po 6pm 42pmx42pum 173pH — — 31
Cn1 — 5.4umx6.5um — 8tF — 256
Chno — Tpumx9.4pum — 15fF — 120
C, — 5umx 20pm — 40fF — 548

I Simulated at 1IMHz frequency where capacitive coupling is negligible

Fig. 6.9 shows different physical layout configurations of the transformers developed in
this work. The input transformer adopts stacking of the top 3 metal layers OA, OB, and
LD, as shown in Fig. 6.9a. Winding L; is implemented on the LD layer with 5-pm width
and has a 65-um outer dimension, while winding Lg; is implemented on the OB metal
layer with a width of 6 um. The degeneration inductor Lg; is realized using the OA layer,
and it is directly coupled to Lgi. The interstage transformer design, which uses metal
stacking is shown in Fig. 6.9b. Winding Lp; is realized using the OB metal of 8-pm width
and has an outer dimension of 70 um. Winding Lgo is implemented using layers OA and
LD with 10-pm width and 70-pm outer dimension. The output transformer, shown in Fig.
6.9¢, is realized by stacking 6-pm wide OB and LD metals with 42-um outer dimension.
All transformers are driven differentially, and biasing nodes are at virtual grounds due to
layout symmetry. Table 6.1 summarizes the performance of the passive components used
in the design of the LNA.

6.2.5 Fabricated Prototype Layout

A die photo of the fabricated prototype is shown in Fig. 6.10. The 8-metal BEOL stack
(Option 18) in 45-nm RF-SOI CMOS technology is used. The input and output ports of
the LNA are matched to 50 2 at each terminal. RF signal to each port is fed by 50-(2
microstrip transmission lines from the RF probe pads. The 50-(2 lines are designed using
the 4.125-pm thick top metal (LD layer) for the RF signal and the C1 layer for the slotted
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Figure 6.10: Die photo of the fabricated low-noise amplifier

ground plane. The total active area for the LNA is 0.028 mm?.

6.3 Simulation Results

Forward power gain (i.e., |S21|) and input-referred noise figure (NF) are plotted in Fig.
6.11. A minimum NF of 3.07 dB at 61 GHz and a maximum power gain of 20.8 dB at
60 GHz are predicted from simulations. A -3 dB gain bandwidth of 5.8 GHz is predicted
between 57.2 GHz and 63 GHz. The corresponding NF values at the band edges are 3.6
dB and 3.23 dB, respectively.

Input/output return loss (RL) and reverse gain are plotted in Fig. 6.12. The LNA is
wideband matched for 10-dB input RL across 9.2-GHz bandwidth from 57.8 GHz to 67
GHz, and 10-dB output RL across 11.2-GHz bandwidth from 53.6 GHz to 64.8 GHz.

Fig. 6.13 shows the trade-off between gain, NF, and DC power consumption across
different supply voltages. The maximum allowed supply (i.e., transistor Vpg) in the 45-nm
technology is 1 V. The optimized gain and NF achieved, 20.8 dB and 3.1 dB, respectively,
at 1 V with a total power consumption of 21 mW. A 0.75 V supply decreases DC power
to 12 mW (i.e., almost 50%) while degrading the gain by 1 dB and noise figure by 0.13
dB. The lower supply bound of 0.5 V further minimizes the power consumed to 5.9 mW,
however, the gain and noise figure degrade by 3.2 dB and 0.42 dB, respectively.
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Figure 6.14: Large-signal linearity simulation results

The advantage of having a variable gain control is clear when integrating the LNA with
a passive phase shifter (see Chapter 5 for the phase shifter design). The design target
for the reconfigurable receiver chain is to compensate for any gain variation that arises
when changing phase shift states. Since the proposed phase shifter achieves a 2-dB gain
deviation, supply sweep simulations predict that supply level adjustments (i.e, 0.5 V to 1
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V) are sufficient to vary the LNA gain and compensate for such deviation.

Large-signal simulation results are presented in Fig. 6.14. The output power for 1-dB
gain compression OPq4p is 4.8 dBm, which corresponds to an IPy4;5 of -15 dBm. The
third-order intercept point (OIP3) is 14.5 dBm, or -6.3 dBm IIP3. It is expected that
OPy4p and OIP3 are lower than that predicted in Fig. 6.14 for reduced supply values.

Process variations are simulated using Monte Carlo simulations. The results are re-
ported for 500 samples at 60 GHz. The average gain is 20.7 dB with a variation of =1 dB
and a standard deviation of 0.3 dB. The average noise figure is 3.12 dB with a variation of
40.2 dB and a standard deviation of 0.06 dB. Supply variations are carried by simulating
the design by varying the supply voltage with +5%. The variation in gain and noise figure
at 60 GHz in response to supply variation is £0.27 dB and 4+0.005 dB, respectively. Chang-
ing the simulation temperature from 0°C to 85°C predicts gain and noise figure variations
to be 0.66 dB and 0.5 dB, respectively.

6.4 Literature Comparison

Table 6.2 shows a performance comparison between the proposed LNA design and other
designs from the recent literature. The LNA is wideband matched from 57.8 GHz to 67
GHz (i.e., 15.3% fractional bandwidth) with a simulated return loss of larger than 10 dB.
The proposed LNA bandwidth is comparable to that of the other LNAs listed. However,
each wireless standard requires minimum fractional bandwidth (i.e., 11.6% for the 60-
GHz band from 57 GHz to 64 GHz). The maximum simulated forward power gain of the
proposed LNA is 20.8 dB biased at a current density of 270 pA/um per stage, with a -3 dB
bandwidth of 5.8 GHz across 57.2 to 63 GHz. The power gain of the LNA is larger than
that in [23], which achieves a gain of 12.5 dB using single-ended 2-stage cascode topology
with transmission line matching using 45-nm SOI-CMOS in the 60-GHz band. The gain
of the proposed LNA is smaller than the differential 3-stage common-source LNA of [61]
by 3 dB, which is biased at a lower current density of 100 pA/um and realizes a higher
minimum noise figure of 4 dB. The simulated minimum noise figure for the proposed LNA
is 3.07 dB at 60 GHz, and the noise figure is less than 3.5 dB between 57.6 GHz and
64.6 GHz. This noise figure performance predicts a state-of-the-art in the 60-GHz band
compared to [23,01] for multistage amplification, which realizes a noise figure of 4 dB each.
The simulated OP145 is 4.8 dBm, which is the highest among the designs listed in the
table. However, it is highly dependent on the supply voltage and the number of devices
in cascode in the LNA core. The proposed LNA consumes 21 mW from the 1-V supply,
which is higher than the designs listed in Table 6.2, especially the designs in [23] and [(1]
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that consumes 15 mW and 8 mW at 60 GHz, respectively. However, the DC power of the
proposed LNA can be reduced to 12 mW, while maintaining a gain of 19.8 dB, and a noise
figure of 3.2 dB. The proposed LNA occupies a compact physical area of 0.028 mm?, which
is the smallest among the designs listed in the table.

6.5 Conclusion

A fully-differential, wideband, 60-GHz 2-stage common-source LNA is developed in 45-nm
SOI-CMOS using BEOL metal stack 18. The amplifier is wideband matched from 57.8
GHz to 67 GHz. The simulated maximum forward power gain is 20.8 dB. The minimum
noise figure is 3.07 dB. The LNA realizes an OP4p of 4.8 dBm and consumes 21 mW from
the 1-V supply. The LNA occupies a physical area of 0.028 mm?.
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Chapter 7

CMOS 60 GHz Receiver Front-End
Design

7.1 Introduction

This chapter proposes a scenario for the integration of a reconfigurable receiver front-end
that can be scaled to create a phased-array receiver. The front-end consists of a cascaded
SPDT switch, LNA, SPDT switch, and a phase shifter. The scope of this study is to
predict the system performance from small-signal and large-signal simulations. Moreover,
the physical layout of the front-end is highlighted to predict the overall area of a phased-
array implementation with increasing array order.

In an array configuration, each receiver front-end slice is combined using a passive,
on-chip power combiner. A 4-to-1 Wilkinson-type power combiner is used to realize this
function. Based on the array expansion study introduced in Chapter 3, a 2x2 phased-
array order is selected to minimize the system loss/phase mismatch when interfacing with
off-chip antennas via packaging.

7.2 Reconfigurable Receive Front-End Design

Fig. 7.1 shows the schematic design of the proposed system. The system consists of
cascading the building blocks developed in the design chapters of this work. SPDT switches,
a 2-stage LNA, and a phase shifter are cascaded to realize a reconfigurable receiver slice.
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For characterization, the power amplifier in the transmit path is replaced with a by-pass
network to model the RF losses. This network consists of matching inductors Lgp and 50-€2
transmission lines as shown in Fig. 7.1. The phase shifter design is reduced to distributed
180° states. A single 180° phase step is realized using one of the SPDT switches. Inter-
stage transformer networks are used to perform impedance matching between cascaded
components. Losses of all components that appear prior to the LNA in the RF path
leading from the antenna add directly to the overall noise figure. As a result, impedance
matching using series inductors is adopted to minimize insertion loss and improve noise
figure. Furthermore, the input port matching network losses via L; and C; add to the
overall noise figure and should be minimized. The input SPDT switch is matched to the
LNA using inductor Lg;.

To improve the linearity of both SPDT switches, especially in the transmit mode, the
signal lines are biased at 1 V through the gate terminal of the LNA first stage as shown
in Fig. 7.1. Since the common-source devices of the LNA are biased for NF,.;,, Vgs is
set to 0.5 V. As a result, the source terminal of the differential amplifier is biased to 0.5
V instead of 0 V (i.e., ground terminal). The voltage Vpg is set to 1 V by biasing the
inductor-tap for transformer winding Lp; to 1.5V. The second stage output of the LNA
is matched to the second SPDT switch using a fully differential transformer (i.e., using
Lps and Lg). The common port of the second SPDT switch is then matched to the phase
shifter (i.e., with 100 © input/output ports) via differential transformer Lj;; and Ly, and
shunt capacitor Cys.

7.2.1 Modes of Operation

Fig. 7.2 shows the two operating modes of the receiver front-end system used for character-
ization in simulation. Fig. 7.2a shows the receive mode, where the LNA path is activated.
This is achieved by turning OFF the by-pass network switches at both input/phase shifter
ports, and turning ON the LNA path switches at the same ports. This allows the received
RF signal to travel through the LNA and the phase shifter. The by-pass mode is activated
by turning ON the by-pass network switches and turning OFF the LNA path switches as
shown in Fig. 7.2b. As a result, the input RF signal flows through a purely passive net-
work, including the phase shifter, to the output port. This mode is useful to characterize
the total insertion loss between the receiver ports.
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Figure 7.2: Receiver front-end operation modes (phase shifter not shown) (a) receive mode
(b) by-pass mode

7.2.2 Simulation Results

A fabrication-ready layout of the reconfigurable front-end is shown in Fig. 7.3. The input
and output ports of the LNA are all matched to 50 €2. RF signal to each port is fed
via 50-€2 microstrip transmission lines from RF probe pads. The 50-€2 lines are designed
using the 4.125 pm thick top metal (LD layer) for the RF signal path and C1 layer for
the perforated ground plane. The 8-metal BEOL stack (Option 18) in the 45-nm RF-SOI
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Figure 7.3: Fabrication-ready layout of the reconfigurable receiver front-end

CMOS technology is used. The total area for the receiver front-end, excluding probe pads
and feeding lines, is 0.436 mm?. The total DC power consumption is determined primarily
by the LNA, which consumes less than 22 mW from the 1-V supply.

Differential small-signal simulations are shown in Fig. 7.4. Both input and output
ports are matched to 100 2 with return loss larger than 10 dB between 55 and 65 GHz
band across all phase shift states. The simulated forward gain of the receiver front-end is
9.8 dB at 61 GHz and varies by 1 dB across all phase states. This small change could be
accommodated by adding a dedicated variable-gain amplifier (VGA) for gain adjustments.
Another solution is to design the LNA with variable gain control. The reverse isolation
of the receiver front-end is better than 35 dB over the entire 55 to 65 GHz band, from
simulations.

Noise figure (NF) simulations are plotted in Fig. 7.5. The simulated minimum NF is
5.9 dB at 62.5 GHz with 0.25 dB NF deviation across phase shift states. The NF remains
below 6.5 dB from 59 GHz up to 64.5 GHz. Since the variation in phase shifter insertion
loss (IL) is within 2 to 3 dB, it has little to no effect on the overall NF deviation. However,
the noise power produced by the LNA and the input SPDT switch directly affects the
overall noise figure, and therefore it is necessary to keep them as low as possible.

Fig. 7.6 shows the simulated phase shift of the forward gain across all phase states. The
receiver front-end maintains 360° phase steering with 11.25° phase steps. As mentioned
previously, the phase shift is distributed through a single-step 90° phase shifter and a slow-
wave 90° phase shifter, while the single-step 180° phase shift is implemented by one of the
differential SPDT switches. This partitioning reduces the IL of the phase shifter.
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Figure 7.4: Small-signal S-parameters simulation results of the complete receiver across all
phase states
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Figure 7.5: Noise figure simulations results across all phase states
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Figure 7.6: Receiver insertion phase response across all phase states

Fig. 7.7 shows the receiver insertion loss simulated in the by-pass mode. The average
insertion loss of the port-to-port passive network is 9.85 dB at 60 GHz and varies by +1.15
dB. The magnitude of the insertion loss remains almost flat from 57 GHz to 63 GHz. As
a result, gain flatness in the receive mode is dependent on the flatness of the low-noise
amplifier gain across the same frequency band.

Large-signal simulation results of the receive mode at 60 GHz are plotted in Fig. 7.8.
The predicted input (IP145) and output (OP145) 1-dB compression points for the receiver
are -9.5 dBm and 2.5 dBm, respectively. These results are far above the received power
levels across the 60-GHz band (i.e., smaller than -60 dBm). It should be noted that the
large-signal compression performance is limited by the low-noise amplifier. For a complete
transceiver in the transmit mode, the large-signal performance is expected to be limited
by the SPDT switches (i.e., = 20 dBm).

Process variations are simulated using Monte Carlo simulations. The results are re-
ported for 500 samples at 60 GHz. The average total gain is 10.8 dB with a variation of
+1.4 dB and a standard deviation of 0.4 dB. The average total noise figure is 6.3 dB with
a variation of 0.3 dB and a standard deviation of 0.1 dB. Supply variations are carried
by simulating the design by varying the supply voltage with £5%. The variation in gain
and noise figure at 60 GHz in response to supply variation is +0.43 dB and +0.15 dB,
respectively. Changing the simulation temperature from 0°C to 85°C predicts gain and
noise figure variations to be 1.2 dB and 0.9 dB, respectively.
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Figure 7.7: Receiver by-pass insertion loss across all phase states
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Figure 7.8: Large-signal simulation results at 60 GHz
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Chapter 8

Contributions and Future Work

This chapter summarizes the contributions of the Ph.D. thesis project to individual RFIC
circuit design as well as system integration and characterization. Furthermore, recommen-
dations for future research in these areas are proposed.

8.1 Contribution

This dissertation has focused on the analysis, design, and validation of CMOS receiver
front-end components suitable for 60-GHz phased-antenna-array radios for portable wire-
less handset applications. The main building blocks developed for a reconfigurable re-
ceiver include: 1) a single-pole, single-throw (SPST) switch, 2) a single-pole, double-throw
(SPDT) switch, 3) a low-noise amplifier (LNA) and 4) a phase shifter (PS). The pro-
posed reconfigurable receiver front-end is comprised of an SPDT switch, LNA, a second
SPDT switch, and the phase shifter in cascade. All circuit designs are fully-differential for
ease of integration onto a single silicon chip. The circuit prototypes are implemented in
GlobalFoundaries 45-nm RF SOI-CMOS using BEOL stack options 8 and 18, which is a
technology developed primarily for mm-wave applications.

The proposed SPST switch realizes state-of-the-art port-to-port isolation of better than
50 dB from DC to 43.5 GHz while maintaining an insertion loss below 3 dB over the entire
band. The prototype realizes large-signal compression (IP145) of 19.6 dBm when the
switch is driven differentially. The circuit occupies an active area of 0.0058 mm? in 45-nm
SOI-CMOS (13.5-Q2.cm resistivity). The proposed switch isolation is better by at least 12
dB than the highest reported in [11] at the 60-GHz band and [75] at the 28-GHz band.
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Furthermore, the switch IP4p is larger by at least 10 dB than the highest reported at the
60-GHz band in [71] and [72].

Based on the SPST switch concept, the 60-GHz SPDT switch is comprised of two SPST
switch instances with the outputs combined via a balun. At the receiver input, the balun
is connected to a single-ended antenna port. Both LNA and PA ports are differential. The
SPDT switch achieves a simulated, wideband, isolation of larger than 40 dB across the 55
to 65 GHz band, and the simulated insertion loss is maintained below 3.5 dB across the
frequency band. The fabricated prototype occupies an active area of 0.117 mm? in 45-nm
SOI-CMOS. The simulated isolation is larger than the highest reported in [38] and [11] at
the 60-GHz band. The IP45 (i.e., 21 dBm) is predicted to be larger by at least 6 dB from
the highest reported in [37] in the 60-GHz band.

The fully-differential, passive 360° phase shifter proposed in this thesis consists of a
90° switched-LC network, a distributed switched-C network based on a slow-wave artificial
transmission line, and a phase inverter. The phase shifter is digitally controlled, and the
prototype has a phase resolution of 11.25°. The simulated average insertion loss is 5.3 dB
with a simulated rms IL error of less than 1 dB over the 55 to 65 GHz band. Moreover,
the simulated average group delay is 61 ps with less than 4 ps rms error across 10 GHz
bandwidth. The rms phase error is expected to be less than 7 © across the full bandwidth.
The simulated large-signal compression (IP145) is 16 dBm when the phase shifter is driven
differentially. The active area of the fabricated prototype is 0.245 mm? in 45-nm SOI-
CMOS. The proposed phase shifter realizes smaller IL than the lowest reported in [17] at
smaller phase resolution and smaller by 12 dB than the reported in [38] at the 60-GHz
band. Furthermore, the simulated IPy4p is larger than the highest reported in [10] by 4
dB.

A fully-differential LNA is developed at a center frequency of 60 GHz. The 2-stage
design is comprised of common-source amplifiers with capacitive feedback for gain boosting.
All transistors are biased at their current density for minimum noise figure contribution
in a differential 100-€2 system. The simulated minimum noise figure is 3.07 dB and the
maximum forward gain is 20.8 dB with a 3-dB bandwidth of 5.8 GHz. Both input and
output ports are matched to 100-2 with simulated larger than 10 dB input return loss
between 57.8 and 67 GHz. The simulated -1 dB output compression point (OP14p) is 4.8
dBm, and the total DC power consumption is 21 mW from the 1-V supply. The fabricated
prototype consumes an active area of 0.028 mm? in 45-nm SOI-CMOS. The simulated noise
figure is smaller than the lowest reported in [61] and [23] at the 60-GHz band.

Moreover, this project has investigated the effects of system integration of different
blocks on overall receiver performance. Small-signal simulations of a complete receiver
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front-end predict input and output port matching with larger than 10-dB return loss across
55 GHz to 65 GHz band, a forward gain of 9.8 dB with +1 dB gain deviation across all
phase states. The simulated minimum noise figure is 5.9 dB at 62 GHz and remains below
6.5 dB from 59 GHz to 64 GHz. Large-signal simulations estimate the IP145 and the OP4p
of -9.5 dBm and 2.5 dBm, respectively. A single-slice prototype consumes an active area
of 0.436 mm?

8.2 Future Work

During the circuit design and fabrication cycle, several potential research and develop-
ment areas have been identified, which are summarized in this section. Firstly, on-chip
calibration can be used for phase shifters to be able to maintain phase shift uniformity in
terms of rms phase error across states after silicon fabrication. Moreover, it can be used
to perform fine phase shift (i.e., less than 5°) control over the electronic beam of a phased-
array transceiver. Furthermore, all front-end circuits can benefit from calibration against
the process, voltage, and temperature performance variations. Another potential area to
consider is to design switched-inductor networks with high-Q factor (i.e., larger than 20)
at 60 GHz. This feature can be adopted with switched-capacitor networks to extend the
phase shift range of a single repeatable cell using 2-bit control (i.e., 1-bit for switched-L
and 1-bit for switched-C), which provides 4 phase states while maintaining Z. close to 50
2. As a result, a 360° phase shift can be achieved using a fewer number of cells, which
could potentially minimize IL further if properly designed.

Another research area to consider is to investigate circuit techniques to synthesize
variable gain control for the low-noise amplifier in addition to gain calibration. calibration
of gain and gain control is useful when compensating for the receiver losses and calibrating
the receiver sensitivity based on the receiver power level.

Due to the continuous development of CMOS technologies for mm-wave applications,
a logical step for the future development of this project is to port the designs to a more
advanced technology node (e.g., 22-nm FDSOI) aiming for higher f; and f,,4.. Moreover,
greater silicon integration at a low cost is also predicted.

8.3 List of Publications

This section highlights the academic publications based on the contributions listed in
Section 8.1.
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Appendix A

Array factor radiation pattern of
linear antenna arrays

This matlab code aims at plotting and viewing the array factor radiation pattern of linear
antenna arrays in 2D and 3D dimensions. The user can configure the following parameters
in both x and y directions : the array order, normalized antenna separation to wave-length,
antenna gain and linear antenna phase gradient.

clear all;
close all;

M=4; ‘Yarray-order in x-direction
N=4; Jarray-order in y-direction

SX=[0.5 0.5 0.5]; % normalized antenna separation to lambda in x-direction
0.5 0.5 0.5]; % normalized antenna separation to lambda in y-direction

IX=[1 1 1 1]; % normalized antenna gain in x-direction
IY=[1 1 1 1]; % normalized antenna gain in y-direction

phase_deg_x=[0 30 60 90]; % linear antenna phase gradient in x-direction
phase_deg_y=[0 0 0 0]; % linear antenna phase gradient in y-direction

th_pts=200;
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syms th ph;

phase_x = phase_deg_x .* (pi /180);
phase_y = phase_deg_y .* (pi /180);
AF=0;
DX=0;
DY=0;
for m=1:1:M
for n=1:1:N
AF=AF + (IX(m)*IY(n)*exp(j*((2*pi*DX*sin(th)*cos(ph))+phase_x(m)))
*xexp (j* ((2*xpi*DY*sin(th)*sin(ph))+phase_y(n))));
% AF equation should be written in one line

if n™=N
DY=SY(n)+ DY
end

end
if m™=M
DX=SX(m)+ DX
DY=0
end

end

th_vtr=0:0.01:2%pi;
phi_deg=90
phi=phi_deg*pi/180

AF_abs=abs (AF) ;
AF_values_O=subs(AF_abs,{th,ph},{th_vtr,03});
AF_values_90=subs (AF_abs,{th,ph},{th_vtr,phil});
AF_max_O=max (AF_values_0);

AF_max_90=max (AF_values_0);

AF_norm_O0=AF_abs/AF_max_0;
AF_norm_90=AF_abs/AF_max_90;

th_draw=linspace(-0.5%pi,0.5%pi,th_pts)
% theta range 0-->2*pi to double the number of points
AF_draw_0=(subs (10x1ogl0(AF_norm_0),{th,ph},{th_draw,0}))
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AF_draw_0_d=double(AF_draw_0)
AF_draw_90=subs (10*1ogl10(AF_norm_90) ,{th,ph},{th_draw,phi})
AF_draw_90_d=double(AF_draw_90)

%2D plot:-

figure(1)

poll=polaraxes

polarplot(poll,th_draw(2:length(th_draw)) ,AF_draw_0(2:1length(AF_draw_0)),’-B’);
poll.ThetaDir = ’clockwise’;

poll.ThetaZerolocation = ’top’;

rlim([-30 0])

title(’F(theta) at phi=0’);

figure(2)

pol2=polaraxes

polarplot (th_draw(2:length(th_draw)) ,AF_draw_90(2:length(AF_draw_90)),’-B’);
pol2.ThetaDir = ’clockwise’;

pol2.ThetaZerolocation = ’top’;

rlim([-30 0])

title(’F(theta) at phi=90’);

% 3D plot:-

M=100;

[phi,theta] = meshgrid(0: ((2*pi)/M):2*pi,-pi/2:((pi)/M):pi/2);
thl=pi/2 -theta;

AF_draw_3d=subs (AF_norm_O0,{th,ph},{thl,phi});
[x,y,z] = sph2cart(phi,theta,double(AF_draw_3d));
figure(3)

surf(x,y,z, ’EdgeColor’, ’none’,’FaceAlpha’,1);
xlabel(’x’);

ylabel(’y’);

zlabel(’z’);

title (CF(th,phi)’);

z1im([0,1]);
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Appendix B

ESD protection for DC pads

All fabricated prototypes have DC bias pads mounted on-chip for biasing control lines.
These pads are wire-bonded to the chip package pads by leads. Due to human interaction,
the electrostatic discharge (ESD) may damage the transistors connected to those DC pads
during or after the wire-bonding process. As a result, each pad is protected against ESD
by connecting the pad to the on-chip discharge network shown in Fig. B.la.

The discharge loop consists of two diode networks as shown in Fig. B.la. The first
network consists of two reverse-biased diodes where node X is connected to the DC pad,
the voltage applied to the DC pad shouldn’t exceed the highest potential in the circuit
which applied to node Y. The second network consists of an N cascaded forward-biased
diodes where the overall turn-on voltage is equivalent to N % Vpgy. The total turn-ON
voltage should be greater than the voltage of node Y to prevent a short circuit current
path to ground. Fig. B.1b shows an ESD example with an electrical surge event where the
static charge induces a huge voltage spike to the pad. Assuming a Vg of 0.6V for a single
diode, the loop is closed when the voltage reaches 3V (i.e., 5*Vpp) for ground discharging.
ESD diode models are available with the process design kit as customized cells which can
be easily used for building the ESD protection for each wire-bonded pad.
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Figure B.1: ESD protection using diodes (a) circuit schematic (b) illustration of an ESD
event
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