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Chapter 1: Introduction

In modern day high-speed wireless communications, the data rate requirements
have boomed, and consequently operating frequencies of wireless systems have
increased to mmWave range to accommodate for higher bandwidths and to provide
better quality of transmission. Furthermore, the mmWave IC design techniques
have enabled the use of multiple-array systems due to compact antenna size and
inter-elemental spacing. Multiple antenna systems are capable of achieving higher
SNR requirement and data rates while providing higher isotropic radiated power.
Modern day radar techniques provide with electronically controllable beam-forming
systems, which is instrumental in ensuring real time beam steering with flexibility
[1].

High resolution and wide-bandwidth short range automotive radar systems have
been assigned 22 GHz-29 GHz frequency band. There is great amount of interest in
the research community about 5th generation(5G) mobile networks, also known as
5G systems, which is expected to be allocated bandwidth around 28 GHz. While
modern day automotive radar systems find applications in blind-spot detection,
lane departure warning etc, the 5G systems are expected to revolutionize the cel-
lular communication by increasing data rates several times the existing rates and
will enable high resolution video conferencing, enhanced gaming experience on
cell phones. Concept of multiple antenna systems find applications in automotive
radar and the 5G system design, where beam-forming is helpful in tracking/com-
municating of multiple targets accurately and providing high date rates with high
quality. In section 1.1 we will discuss the special type of multiple antenna systems

known as phased-array systems.



1.1 Introduction to Phased-array Systems

Phased-array receivers as shown in Fig. 1.1, are special type of multiple antenna
systems which behave like directional antennas that can be steered electronically
for beam-forming. While many spatial arrangements of the antennas are possible
in these systems, the 1-dimensional antenna configuration has been analyzed in this
section. It can easily be deduced from the Fig. 1.1 that the spatially separated
antennas receive the radiated signals at different times [2]. As the signal combining
takes place in the RF path, it will be shown that the coherence of received signal

is of utmost importance in phased-array receivers.

Equations governing the beamsteering in phased-array receiver: For a
N-element, 1-D phased-array as shown in (1.1), assuming the d to be the spatial
distance two array elements and 6;, to be the angle of incidence, (1.1) shows the

relationship between d, 6 and time delay of arrival, 7 [2].

e (M) (1.1)

C

Where c is the speed of light. Assuming that the a(t), ¢(t) and w,. are the received
signal instantaneous amplitude, phase and frequency respectively, we can write for

the kth element of the array:
Ai(t) = a(t — k1)cos(w.t — kw.T + ¢(t — k1)) (1.2)

From (1.2), it can be inferred that the coherent combining of the signal can
achieve maximum possible voltage output as given in (1.3). However, to achieve
Agum,maz there is a need for adjustable delay elements in the RF path. An ideal
delay element in the RF path exhibits characteristics of infinite bandwidth, zero

loss, low phase resolution and high uniform loss.

Agummaz = Na(t)cos(w.t + ¢(t)) (1.3)
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Figure 1.1: Phased-array receiver architecture and desired phase shifter character-
istics



The requirement of infinite bandwidth can be relaxed under the narrow-band
signal assumption, because it can be safely assumed that a(t) remains relatively

constant for a small change is 7 and :
a(t) ~ a(t — kr) (1.4)

Similarly, it can be shown that with N-element linear phase array receiver the
SNR improves by a factor of N and consequently the receiver sensitivity improves
by 10log(N). Additionally, the inherent directional filtering reduces the interfer-
ence power in the receiver [2].

The above mentioned properties of the phased-array receivers make their use
lucrative in building systems with high sensitivity and SNR and high data rates. In

section 1.2, the requirements and limitations of the phased-array will be discussed.

1.2 Applications of Phased-array Receivers

Phased-array receivers (RX) as shown in Fig. 1.1 are a subset of multiple an-
tenna systems that enable electronically-steerable beam-forming, thereby provid-
ing higher effective isotropic radiated power in transmitters and improved SN R
in receivers [3,4]. The availability of large spectrum at mm-wave and the increas-
ing interest in 5G applications has led to research on integrated phased arrays for
the past decade with initial array demonstrations at 24 GHz and 77 GHz [3,5-7]
translating to large, scalable arrays at mm-wave frequencies such as 60 GHz [§]
and 94 GHz [9,10]. Given the interest in applying such arrays to high-data rate
mobile communications in 5G networks [11], the array RX must provide SN R im-
provements, while simultaneously achieving low power consumption, sufficient gain
and low NF. In particular, large-scale arrays in massive MIMO applications [12]
require even lower power consumption in each individual element. This has led to
increasing implementations of RF-path phase shifting since it promises the lowest

area and power consumption.



1.3 Motivation

The critical building block in the RF-path phase shifted array RX is the variable
phase shifter (VPS) that compensates for the phase shift introduced due to the
time difference of arrival of signal at different elements. In order to ensure coherent
combining across all angles of incidence, the VPS must provide 360° phase-shift
range. In addition, since the VPS is in the signal path, it must achieve low insertion
loss, high linearity and low power consumption. State-of-the-art mm-wave VPS
approaches include vector-modulator (VM) based active [10,13-15] and reflection-
type phase shifter (RTPS) [16] & switched-transmission line phase-shifter (STPS)
[17] type passive phase shifters. The inherent linearity and zero power consumption
of passive VPS make them attractive - however, passive VPS must ensure (a) small
area, (b) uniform loss across phase shift to prevent beam pattern degradation
and/or eliminating the need for a variable-gain block preceding or succeeding it
and (c) high phase-shift resolution to ensure accurate beam-forming [1].

In this work, we present a systematic approach to optimize the performance
of a mm-wave RTPS targeting full 360° phase shift with 5-bit phase resolution at
28 GHz. With this approach, we achieve 7.75 4+.3 dB insertion loss in a commercial
65 nm CMOS process at 28 GHz while achieving 5-bit phase resolution, demon-
strating the feasibility of our approach while achieving targeted phase shift range.
A single channel prototype of low-power receiver frontend consisting of a 3-stage
single ended neutralization LNA and RTPS has also been demonstrated targeting
5G applications. The overall gain of the 10 mW frontend working on 0.9 V supply
is 9.5+0.4 dB and the measured noise figure is 4.9 dB at 28 GHz.

1.4 Organization of Thesis

Chapter 2 details active and passive VPS and the design challenges involved, and
finally placing this work in the context of state of the art. The proposed approach
to overcome non-uniform phase shifter loss and achieve 360° phase shift range

with low loss is described in Chapter 3. A specific implementation of the receiver



frontend at 28 GHz in a 65 nm CMOS process using the approaches is described in
Chapters 3 & 4 respectively. Measurement results is presented in Chapter 5, along
with a comparison of the proposed VPS with current state of the art. Finally,

conclusion and future avenues of research are highlighted in Chapter 6.



Chapter 2: Overview of Phased Array Receiver Frontend

Phased-array receiver consisting of LNA, RF phase shifters, combiner and down-
conversion mixer has been discussed in Chapter 1, while establishing the desired
characteristics of a phase shifter. This work mainly focuses on the demonstration of
the frontend of a receiver chain, i.e. LNA and phase shifter design, with proposed
design technique for the state-of-the-art RTPS capable of providing 360° phase
shift, with low and relatively constant insertion loss. In this chapter we discuss

the existing state-of-the-art VPS design approaches and results.

2.1 Active and Passive Phase-Shifting Array RX Architectures

As mentioned in Chapter 1, state-of-the-art mm-wave VPS approaches include
VM-based active and STPS/RTPS type passive phase shifters. Building on the
critical design parameters discussed in Chapter 1, detailed analysis of the limita-
tions of the state-of-the-art VPS will be performed in the Sections 2.2, 2.3 & 2.4,

to develop possibilities for improved phase-shifter performance.

2.2 Vector Modulator Based Active Phase Shifters

Typical architecture of an active phase shifter (APS) employing vector modulator
architecture to achieve the desired phase shift of 360° is shown in Fig. 2.1 [18].
The system consists of 4-stages, where signal transverses through the 1/Q splitter
based on quadrature coupler, differential Variable Gain Amplifier (VGA) stage,
the signal combining stage and a buffer drives the output. VGA gains can be
controlled independently by the DAC logic. Desired phase shift at the output is
achieved by weighted sum of the I/Q signals. Being a passive stage the first stage

effectively attenuates the signal while providing the 1/Q outputs, ensuring the need
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Figure 2.1: Architecture of vector modulator based active phase shifter

of a VGA. The overall system can be set to gain > 0 dB by setting the appropriate
VGA control voltage.

VM based VPS provide high gain but are often considered to be unattractive
given their unidirectional nature, higher power consumption and poor linearity
performance. High power consumption makes it less preferable to implement APS
in battery operated hand-held devices and low power applications. The issue be-
comes even more significant in large-element phased-array receivers where multiple
APS operate at the same time before the signal combining stage. State-of-the-art
VM is reported to have current consumption of 11 mA per channel, excluding the
combiner circuit, for 0 dB gain at 24 GHz in 0.13 gm CMOS [19].

2.3 Passive phase shifters for RF/mmWave beamforming

Passive phase shifters provide high linearity apart from zero DC power consump-
tion and are hence attractive for integrated arrays targeted at consumer applica-
tions. Integrated passive VPS can be broadly divided into two classes - STPS [17]
Fig. 2.2 and RTPS [16] Fig. 2.4. In the following sections we will discuss the two



types of passive VPS.

2.3.1 Switched t-line based phase shifters

STPS as shown in Fig. 2.2, is capable of switching to either of the two transmis-
sion lines of different lengths connected between the input and output ports, thus
providing an electronically controllable phase change. Alternatively, phase shifting
can be achieved with high-pass/low-pass select T-network, which advances or de-
lays the phase depending on the mode selection. The STPS can be represented as
a chain of phase shifters, where each stage has a well-defined phase shift resolution
and insertion/switch loss associated with it. While cascading of these individ-
ual phase shifters allows the system to achieve the desired phase shift and phase
resolution, the system insertion loss increases as the number of stage increase.
The improving fr and switch time-constant for CMOS transistors has trans-
lated to low loss in STPS (6.1-7.6 dB at 60 GHz [20], 5.6 dB - 7.6 dB at 28 GHz [11])
- however, the resolution of a STPS is limited by the number of switches in the
signal path (Fig. 2.2). Therefore, achieving high resolution (5-bit) implies higher
path loss and larger area [21]. In addition to the low insertion loss, the STPS
design approach must balance switch losses such that different switch states lead
to uniform loss across all phase shift settings. It is worth to note that the reported
STPS in [11] suffers from low bandwidth (850 MHz), high rms phase error of 8.98°

and loss variation of 2 dB.

2.3.2  Reflection-type Phase Shifters(RTPS)

Second major approach to achieve bi-directional passive phase shifters is RTPS
based on coupled transmission lines (t-line) shown in Fig. 2.5(a). As the name
suggests, the RTPS works fundamentally on the concept of reflection at open or
short load connected to a 50 2 t-line. A coupled t-line connected to a variable
reflective load generates different values of reflection coefficients I'r, this fact is

utilized in many applications to build power splitters, balanced mixers, balanced
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Figure 2.2: Architecture of switched t-line based N-bit phase shifter

amplifiers, phase shifters and attenuators, etc. Equations governing the relation-
ships between phase shift, insertion loss and I'r have been discussed in section
2.3.2.

Reflective loads like MOS varactor load and a resonant LC load have been
compared with the performance of RTPS with 7 load in [22]. RTPS with 7 load
as shown in Fig. 2.4 fabricated in 130 nm BiCMOS, is reported to have measured
insertion loss of 7.5 dB with 11.25° resolution in [22]. We will discuss the existing
RTPS architectures, design of their building blocks and also the limitations of
current approaches in the following Section 2.3.2. In Chapter 3, we will develop a

systematic design approach to solve the existing limitations.

Lumped Element Based 3 dB Quadrature Coupler: Couplers, as shown in
Fig. 2.3 [23] are 4-port passive monolithic integrated microwave circuits (MMIC)
with applications in the design of power splitters, balanced mixers, balanced ampli-

fiers, phase shifters, attenuators, etc [24]. The four ports known as input, isolated,
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Figure 2.3: Schematic of branch-line hybrid coupler

coupled and through ports, exhibit a property that if the through and coupled
ports are matched to 50 €2, incident input signal power distributes equally to cou-
pled and through ports and isolated port observes a power null. The four-port

network has the s-parameter matrix given as:

(2.1)

_ O O .
. = O

1
0
0
j 0

While the above property is utilized in power splitter design, another very impor-
tant property of total incidence power reflection to the isolated port if the coupled
and through ports are open, is used widely in designing RTPS.

Fig. 2.4 shows a general implementation of a passive RTPS. For balanced
through and coupled port loads along with 50 2 load at isolated port, (2.8) and
(2.9) can be easily derived by using Kirchofl’s voltage/current laws and along with
the microwave theory of incidence and reflected voltages/currents. Eqns. (2.8)
and (2.9) show that the isolated port effectively witnesses incidence voltage at the
input port multiplied by the I'y, where I'r is reflection coefficient at the through
and isolated ports. Variation in I'r, also varies the /I'r and |T'z|, hence creating

variable phase shift and insertion loss. This property has been utilized to design the
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quadrature coupler based phase shifter at mm-wave frequencies. Eqns. (2.2-2.8)

govern the incidence and the reflection voltage behavior at all the ports.
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Vy = —jilrVi (2.9)

Design of Coupled Line Coupler: Fig. 2.5(a) shows the coupled t-line and
Fig. 2.5(b) shows the loaded lines along with the source of incidence. Coupled
line can be analyzed using even and odd mode modeling of the circuit. Derived
equations can be compared with the coupler design equations to arrive at the
conclusion that this structure can be used as a quadrature coupler. The equations

governing the quarter wave long (A/4) coupled lines are given by:

E NN ps2? (2.10)

7=

% = (2.11)
Zow = Zo %; (2.12)
Zoo = Zo\/:_:g; (2.13)

where Vj, Vi, V3 are the incidence, through port and coupled port voltages
respectively, C' is the coupling coefficient and Z; is the characteristic impedance.
As mentioned before the isolated port sees a power null. Eqns. (2.12), (2.13),
describe the characteristics impedances for even and odd mode excitation and their
relationship with Z;. Lumped element model of the coupled line based coupler has
been used in the RTPS implementation. Parameters C, Z,. and Z;, will be utilized

in Section 4.1 to calculate the values of lumped coupler components.

2.4 Limitations of State-of-Art RTPS/STPS

Integrated RTPS can achieve targeted phase shift by varying the impedance of ter-
minations at the through and coupled ports of a quadrature 3-dB coupler [25]. As
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shown in Fig. 2.4, varying the reflection coefficient of the coupled and through port
loads leads to varying phase shift between the input and output (input and iso-
lated ports, respectively, of the hybrid coupler). Typically, the variable termination
impedance is achieved by changing the control voltage across a varactor. There-
fore, high resolution can be achieved without any area or loss penalty, particularly
with on-chip implementations, which allow CMOS DACs with very high voltage
resolution. However, the varactor quality factor, (), and loss vary across capaci-
tance settings leading to phase shift dependent loss in the RTPS [26]. As suggested
in [22], variable loss across phase shift can be avoided by independently controlling
two varactors in a m-network variable load. However, achieving sufficient varactor
variation to ensure 360° phase shift is challenging - state-of-the-art on-chip im-
plementations target smaller ~180° phase shift range while adopting higher-order
loads such as a shunt-LC [26], m-network [16,27], or cascading RTPS [28,29] with
other active phase shifters or STPS [30,31]. Hence the RTPS is followed by an
active 0/180° stages in such implementations. If the discrete 0/180° phase shift
is achieved using an active stage, the resultant non-linearity /power consumption
reduces some of the advantages of using a passive VPS. In this work, we extend
the approach in [22] by developing a systematic design methodology that reduces

loss and ensures desired 360° phase shift.
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Chapter 3: Proposed Low-power 28-GHz RX Array Frontend

Architecture

3.1 Design of 28-GHz Reflection-type Phase Shifter

Our objective is to achieve 360° phase shift range at 28 GHz while minimizing
insertion loss, targeting phased arrays for future 5G applications [32]. As shown
in Fig. 2.4, assuming an ideal hybrid coupler, the phase shift, A®, and insertion
loss (in dB), IL, through a reflection-type phase shifter is provided by,

AP = —90° + /Ty (3.1)
IL = —201log (|T7|) (3.2)

Where I'r is the reflection coefficient at the coupled and through ports. There-
fore, ensuring |I'r| = 1, and /I'r range = 360°, ensures lossless operation across
entire phase shift range. However, in practice, performance is limited by coupler
insertion loss, finite isolation between input and isolated ports, and loss/phase
variation limits in the variable reflective load. It can be shown that a termination
with a single varactor cannot achieve 180° phase shift range in the presence of
parasitics. This necessitates a higher-order load to achieve large phase shift vari-
ations. In the following, we develop constraints on RTPS design parameters to
minimize insertion loss for 360° phase shift range. These constraints are described
in the context of Il-network reflective load shown in Fig.3.2. A similar approach

can be adopted for other reflective loads as well.
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3.1.1 Impact of varactor and inductor loss:

Losses in the varactor and inductor lead to I'r < 1, implying loss even if an ideal
coupler is assumed. Based on (3.2), a targeted loss metric, requires |I'r| > ||
as shown in Fig. 3.1(b). Assuming the II-network shown in Fig. 3.2(a), the Zr

and I'r, are given by,

1+ 82L102
Ty = , 3.3
T S(Ol —+ CQ) + 33[/10102 ( )
Ty — Z4
_Zr— % 3.4
T Zr+ 7 (34)

As noted in [22], C} and C; can be varied independently to minimize loss across
phase shift. From (3.4), assuming Z; = Ry + j X7, it can be shown that to ensure
T7|> [Loninl,

(Rr — A)? + X7 > R?, (3.5)
Where;
A=Zy—— 3.6
01 - ’FminP’ ( )
R=2/——— 3.7
01 - |Fmin|2, ( )

Therefore, the I'r constraint translates graphically to Fig. 3.2(b) , where ac-
ceptable values of Zp that ensure I'y > 'y lie outside the circle defined by
(3.5).

For instance, in this work, we target 28 GHz operation in 65 nm CMOS tech-
nology. Representative simulations with L; = 390 pH, C; = 80 fF — 280 fF,
and Cy = 45 fF — 157 fF show that it is feasible in this case for Zr to sat-

isfy I'r > I'jrv across the entire phase shift range. This can also be represented
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O Varactor loss

Insertion loss (dB)

Figure 3.3: Il-load insertion loss variation with phase shift across varactor codes

graphically in terms of the insertion loss across C; and () settings as shown in Fig.
3.3. finite varactor @ (Qmin = 10) leads to varying insertion loss as capacitances
are varied - however, it is feasible to select C, Cs such that all phase shift settings
are achieved with ~-5 dB insertion loss. Notably, the targeted uniform loss is
limited by the worst-case loss - C and Cy values for all phase shifts are selected
to achieve this loss. This is also true for other phase shifters - for example, STPS
equalizes loss for ON and OF F settings, or active phase shifters equalize loss by
discarding high gain settings. Therefore, minimizing insertion loss requires that

the worst-case loss must be minimized.



20

3.1.2 Impact of isolation in coupler:

In addition to losses associated with the variable terminations, an RTPS with
integrated hybrid coupler has two additional sources of loss - firstly, coupler dielec-
tric/metal losses lead to insertion loss from input to coupled and through ports.
Additionally, finite isolation between input and isolated port (~ 17.7 dB at 28 GHz)
leads to phase-shift dependent loss through the RTPS. Fig. 3.4 compares the loss
because of the coupler with the best-case variable termination losses across RTPS
phase-shift settings (obtained from Fig. 3.3). Worst-case RTPS insertion loss
can be improved by aligning the phase shift setting corresponding to the lowest
termination-loss with the phase shift corresponding to the highest loss due to the
coupler as shown in Fig. 3.4.

Since the loss due to finite coupler isolation is highest for & = 180°, applying
(3.4), L1,Cy, and Cy must be selected to achieve lowest insertion loss at ® = 180°.
Fig. 3.5 plots the loss across C and Cy demonstrating that minimum loss occurs
when (] is at its maximum and Cs is at its minimum. Our objective is to ensure
that this corresponds to the phase shift with highest coupler insertion loss, which
imposes the following constraint,

Constraint 1: The value of L and the varactors determining C'; and C'y must
be selected such when C) = C} i, and Cy = C9 y4q, the phase shift through the
RTPS, A® ~ 180°.

Additionally, as shown in Fig. 3.4 insertion loss due to varactor losses shows
two local minima. It is also desirable to balance the insertion loss in these two
cases to improve worst case performance. For instance, for the set of values in Fig.
3.5, these local minima occur at (Cy = C in, Ca = Comia) and (C1 = C4 g, Co =
C,maz)- Therefore, an additional design constraint can be imposed,

Constraint 2: The range of C and C5 should be selected to equalize the two
minima in the varactor loss curve in Fig. 3.4 are balanced to minimize worse-case

loss.
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3.1.3 Phase shift variation requirements:

The constraints associated with insertion loss must be satisfied in the context of
the targeted phase shift range. Defining K = Cyin1/Chin2 and assuming that
a varactor in the selected technology provides Ciuue/Cmin = 3.3 at 28 GHz, the

phase shift when both varactors are at their minimum setting, I'r; is,

(3.8)

[Ty = 2t [ 020N (K +1) P~V
o 1— PK ’

Where P = w?L,4 Cinin,1 and the phase shift at the maximum capacitance setting

(Cmax,la Omax,2) 1s prOVided by

; (3.9)

/T 2tan " <WZ03.3Cmm,1(K +1) (p@ _ 1))
T2 =

K+l
1—P33K

Fig. 3.6 plots the contours of phase shift range, (/I'r; — /I'r2), across K
and P for different values of (', based on (3.8) and (3.9). Notably, only certain
combinations of K and P achieve targeted phase shift for given C;. Imposing the
following constraint ensures targeted 360° phase shift range

Constraint 3: The choice of K and w?L;C,,;,, must ensure targeted 360° phase

shift range at frequency of interest.

3.2 LNA Design

Proposed low-power receiver frontend has been demonstrated with an extremely
low power gain boosted low-noise amplifier (LNA). Since mobile communications
in 5G networks require high data rate, the targets for SNR while maintaining the
lower power and sufficient gain, are stringent. LNA being the frontend module
of the receiver determines the overall NF of the system, hence the gain/power
consumption vs NF tradeoff becomes critical design parameter in the LNA design.
This work is focused on obtaining maximum possible gain from the LNA in a power

efficient way, maintaining low NF at the same time.
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Figure 3.6: Phase range contours for different values of K and P and (a)

Cl,min:45 fF (b) Cl,min:85 fF



25

3-stage single ended low-power neutralization LNA: The frontend in this
work is targeted for low-power receive elements at 28 GHz. The LNA in this work
precedes the passive phase shifter and hence must provide sufficient gain to achieve
overall low noise figure. Therefore, the 65 nm CMOS LNA is designed to operate
with low power while providing > 19 dB gain at 28 GHz.

Single-stage amplifier gain at mm-wave in 65 CMOS is limited by the feed-
back capacitance between gate and drain, C'op. A neutralization technique based
on capacitive feedback through transformer coupling to achieve low-power by gain
boosting the LNA has been presented in [33] at frequency range of 57 GHz-66 GHz
to cater to WiHD, WiGig and 802.15c¢ standards. Fig. 3.7(a),(b) shows other
neutralization based techniques like split-feedback inductor tuning based architec-
ture [34], transformer feedback to gate/drain [35,36] are also available in the lit-
erature, but capacitive feedback through transformer coupling technique as shown
in Fig. 3.7(c) has been reported to achieve optimal gain and phase conditions for
maximum available power gain [33]. The approach in [33] aims to simultaneously
achieve wide bandwidth (60 GHz, 14 %) and low power consumption using neutral-
ization - therefore the gate-drain neutralization is done using capacitive feedback
and the interstage transformer matching.

In this work, relatively narrow bandwidth at 28 GHz (~3 GHz) is acceptable.
We modify the topology in Fig. 3.7(c) to tap the output to the next stage from
the primary of the feedback transformer, which helps avoid the losses due to finite
coupling coefficient between primary and secondary. Therefore, as shown in Fig.
3.7(d) we adopt a topology where the neutralization is done to achieve higher gain.
The three-stage LNA adopts a common-source amplifier in each stage to minimize

supply voltage (~ 0.9 V') and power consumption (~10 mW).
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Chapter 4: Circuit Implementation

4.1 28-GHz RTPS design in 65 nm CMOS

In the following section, we discuss the design of a 28-GHz RTPS in the context of
the constraints described above to minimize insertion loss across phase shift range.
The three design variables, C ,in, Comin and L; are transformed to the variables
C1min, K and P.

The phase shift for given C4, C5 and L, is given by,

wZy(Cr + Cs) (wQL& - 1>

C1+C2
[Ty = 2tan™" ; 4.1
r an 1-— w2L102 ’ ( )
Therefore, satisfying constraint 1 in Section 3.1.2, implies,
1 —w?LiCypmar =1-33P-K =0 (4.2)

However, as shown in Fig. 3.6(a,b) for Cy i = 45 fF & Cipin = 85 fF
respectively, P and K must also satisfy constraint 3.

From (4.2), a definite relationship between K and P to satisfy constraint 3 can
be established. As can be seen from Fig. 3.6, range of K to meet close to 360°
phase shift is approximately 0.3 < K < 0.6 for C' ;i =45 fF and 0.4 < K < 1.0
for Cy min = 85 fF and hence, the range of desirable P from (4.2) translates to
0.5 < P<10and0.3 < P <0.75respectively. Also, from Fig. 3.6, it is impossible
that this range of values of P can meet the phase shift range requirements as such.
Under the practical constraints and keeping in mind that for P > 0.7, required
Ly > 500 pH, we reject C) pmin = 45 fF. The closest possible value of P to the
above mentioned range and K has been chosen to satisfy both the constraint 3

and phase shift range= 360°.



28

Since, the K has been selected based on Fig. 3.6, the only remaining variables
are m and C ,,;,. Limiting the L; to accurately realizable inductance of < 500 pH
at 28 GHz, limits the C) ,,;, to a smaller set of values. Further, C},,;, can be
selected to satisfy constraint 2.

Based on these constraints a design approach at 28 GHz yields C ;i = 45 fF,
Comin = 85 fF and L1 = 425 pH values. The design was implemented based on
the schematic in Fig. 4.1, which includes component parameters. The coupler
was designed to achieve a characteristic impedance of 50 2. EM simulations were
carried to model the inductor and the coupler - both of which were implemented
using the top metal layer of thickness 3.4 um. RTPS simulations that include both
coupler and varactor are presented along with measurements in Chapter 5.

Fig. 4.1 shows the lumped element quadrature hybrid coupler based on trans-
former & capacitors implemented in [37], [24], and the lumped element components

values are given by,

ZOe + ZOo
Cy = — 1 . (4.4)
Yo ZOEQTI"]N )
ZOe - ZOO
1 1 1
— — . 4.
CX (ZOO Z()e ) 47Tf’ ( 6)

To achieve a coupling coefficient of 0.7 and 50 €2 characteristic impedance,
Zoo = 16.10 Q and Zg, = 217.30 Q.

Varactor 7 load includes a pdk inductor of L = 425 pH. Moscap has been used
with minimum capacitor values of C} = 80 fF & Cy; = 45 fF. Length of 300 nm
for the moscap is selected based on the ON/OFF ratio and quality factor trade-
offs. The coupler capacitor values to ground C; = Cy = C3 = Cy = 35.27 fF, and
the coupling capacitor values are C5 = Cg = 92.20 fF. The coupling transformer

has value L, = L, = 325 pH and it is custom designed using ie3d modeling.
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Figure 4.1: Implementation of RTPS in 65 nm TSMC

4.2 Low noise amplifier

Proposed low-power receiver frontend has been demonstrated in 65 nm CMOS
with an extremely low power gain boosted low-noise amplifier(LNA) as shown in
Fig. 4.2. While the first stage is a common source stage with source degeneration
for input matching, the following two stages don’t use degeneration to obtain
maximum available gain. First stage has been optimized for low NF of ~4.5 dB
while consuming ~3.5 mA current from a 0.9 V supply. Neutralization technique
has been implemented using a customized transformers with a coupling coefficient
0.66 and a MOS varactor to ensure stability and programmability. Values of all
the components has been shown in Fig. 4.2 and the transformer and gate/source
inductors are routed in the highest thickness metal layer to ensure higher Q. The
transformer model has been modeled in EM extraction tool and yields effective Q

of 13 and the gate/source inductors have been modeled with a slightly pessimistic
Q of 12.
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Chapter 5: Measurement Results

The frontend of the phased-array receiver fabricated in TSMC 65 nm, as shown
in Fig. 5.1, consists of a stand-alone RTPS and a frontend receiver consisting of
low-power LNA followed by the RTPS. The performance of the front end has been
measured using the Agilent 5227a PNA and a 67 GHz probe station. 2-port s-
parameter measurements are performed using a 67 GHz GSG-100 infinity probes.
The calibration of the PNA uses cascade 110 GHz ISS and the SOLT method.

5.1 Stand-alone RTPS Measurement Results

The phased-array receiver frontend (Fig. 5.1) was implemented in a 65-nm CMOS
process with 3.4-um thick top metal layer. The frontend s-parameters are mea-
sured using a probe-based setup with a Keysight 5227A network analyzer. The IC
included a stand-alone test structure for characterizing the RTPS (Fig. 5.1).

Fig. 5.2 plots the measured stand-alone RTPS performance at 28 GHz as Zp,
and Zpo are varied. The varactor control voltages are assumed to vary with 12.5-
mV step size across a 0 V to 2 V range (7.3 bits). As shown in Fig. 5.2, a subset of
these settings can be selected to acheive uniform insertion loss and full 360° phase
shift. Fig. 5.3 compares the results of the same algorithm based on simulated and
measured data, demonstrating good match across insertion loss and phase shift.

Stand-alone RTPS phase shift and insertion loss across frequency is shown in
Fig. 5.4(a,b), demonstrating 5-bit resolution from 27 GHz to 29 GHz

Phase shift with 5-bit resolution is measured across frequency range of (27 GHz-
29 GHz) has been shown in the Fig. 5.4 with the varactor code [C}, Cy] optimized
for best performance at 28-GHz and rms phase error restricted to 0.3° across all
frequencies. While Fig. 5.4 plots the phase shifter assuming fixed settings at

28GHz, Fig. 5.5 across insertion loss and phase shift performance where optimal
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Figure 5.2: Measured stand-alone RTPS insertion loss and phase shift across load
settings at 28 GHz.
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Figure 5.5: Measured RTPS insertion loss with phase shift across frequency

settings are recalculated. As shown in Fig. 5.5, recalculating phase shift settings
can result in 84+1.25 dB insertion loss from 26 GHz to 30 GHz while achieving 5-bit
resolution and 360° range. As shown in Table 5.1 the RTPS has a wide tuning
band of 26 GHz-30 GHz.

The performance of the stand-alone RTPS is compared across state-of-art in
Table 5.2. The proposed RTPS achieves lower insertion for full 360° range (the
loss is comparable to [22] which has 180° range). The insertion loss is comparable
to state-of-art STPS [11], however the proposed RTPS achieves higher resolution,

smaller area and better performance across frequency as discussed in Chapter 2



Table 5.1: RTPS PERFORMANCE ACROSS FREQUENCY
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[This  work| | Phase  Shift | Avg. IL (dB) | IL Variation | Max. Phase

Freq. (GHz) | Range (°) (dB) Err (°)

26 360° 8.25 +1 2.5°

27 360° 7.75 £0.6 2.5°

28 360° 7.75 £0.3 2.5°

29 360° 8 +1 2.5°

30 360° 7.75 +1 2.5°

Table 5.2: STATE-OF-THE-ART mm-WAVE PHASE SHIFTERS
Approach | Process | Freq. | Band-| Phase | Rms | Resol- | Max | Loss | Area
[Ref.] (GHz)| width | Range| Er- | ution Loss | Var. | (mm?)
(GHz)| (°) | ror | (%) (dB) | (dB)
(°)

Series RTPS| 180 nm | 24 0.8 360° | NA Cont. 12.5 24 0.33

[16] CMOS

Hybrid [38] | 65 nm | 60 7 360° | 4.4° | 11.25° 16.3 |4 0.094
CMOS

RTPS [22] | 130 nm | 94 10 180° | 2.5° | 11.25° 7.9 1 0.12
BiC-
MOS

STPS [11] |65 nm | 28 0.85 | 360° | 8.98° | 22.5° 7.6 2 0.23
CMOS

RTPS 65 nm | 28 4 360° | 0.3° | 11.25° 8.05 | 0.6 0.16

[This CMOS

work]




38

5.2 Frontend Measurement Results

In this section we present the overall frontend measurement results and the com-
parison with the simulated results. Two-port s-parameter measurements were per-
formed with the varactors [Cy, Cy] codes. Simulated results are compared with the
measuremed s-parameter in Fig. 5.6. The comparison demonstrates good match
for the input matching from the LNA as well as the gain performance of the fron-
tend. Measured phase of Sy has also been plotted in Fig. 5.8 to demonstrate the
continuity in the phase. Fig. 5.7 shows the frontend insertion loss across corners
and the selected code for low loss variation. Overall gain of 9.5 dB with gain
variation of 0.4 dB with 0.4° has been measured at 10 mW power and 0.9 V sup-
ply. Noise figure measurement have been preformed using Y-factor method. The
measured noise figure of the system has been plotted against the simulated noise
figure in Fig. 5.9. Front-end of the phased-array receiver has overall measured NF
of 4.9 dB at 28 GHz.
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Figure 5.6: Comparison of measured and simulated S-parameters for the frontend
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Chapter 6: Conclusion

This work demonstrates a single-channel prototype of a integrable low-power phased-
array receiver front end in 65 nm CMOS. The design and implementation of a low
power phased-array receiver frontend at 28 GHz in 65 nm CMOS. The low in-
sertion loss and fine phase resolution along with 360° phase shift range from the
proposed systematic design and load optimization approach, enables the integra-
tion of passive phase shifters in emerging high data rate 5G wireless communication
applications at 28 GHz. The proposed state-of-the-art RTPS with -7.75+0.3 dB
insertion loss and rms phase error of 0.3° across 360° phase shift range at 28 GHz,
is suitable for the accurate beamforming for Ka-band applications. Low power
phased-array receiver front end demonstrates overall gain of ~9.5+0.4 dB and
measured noise figure of 4.9 dB at 28 GHz with 10 mW power consumption from

a 0.9 V supply.
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