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Although electronically steered arrays are a century old concept, the research and de-

velopment interest was primarily driven by the defense industry and radio astronomy without

any room for potential commercial applications due to the insurmountable cost. The insufficient

beamformer chip performance made the implementation of large phased arrays with high effective

isotropic radiated power (EIRP) and increased sensitivity prohibitive. Only with the recent ad-

vancements in silicon technologies was the cost barrier reduced to an extent that large phased array

systems can be employed in a multitude of commercial applications. Particularly, developments

in silicon beamformer chips have enabled the commercialization of phased arrays for 5G wireless
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communications, satellite communications (SATCOM) and > 100 GHz communication links.

This dissertation focuses on the implementation of high performance beamformer chips

in different technologies for low-cost and high performance phased array systems. It presents

several implementations of ultra wideband switches along with a true-time delay unit from DC-67

GHz using a novel phase change material (PCM) switch that is utilized for the achievement of

large instantaneous bandwidths. The presented TTD unit achieves a record 124 ps relative true

time delay reported on an IC from DC-67 GHz.

This dissertation also presents a K-Band 19-22 GHz Tx/Rx beamformer channel with

a state of the art linearity and sensitivity performance. The chip can achieve a very compet-

itive OP1dB/IIP3 (8 dBm / 0 dBm) while its NF is 7 dB leading to state-of-the-art sensitivity

performance in K-Band.

Finally, this dissertation presents a D-band full RF beamforming Rx channel at D-band.

The full RF implementation of the phase shifter and the VGA is introduced at 140 GHz with a

NF performance that substantiates this architecture as a potential candidate for D-band phased

arrays along with its competitive phase, amplitude control and power dissipation.

All presented beamformer chips, illustrate significant advancements in various perfor-

mance aspects and can be utilized for the implementation of high performance phased arrays.
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Chapter 1

Introduction

In the past decade, the ever-increasing demand for high data rates (Figure 1.1), data

capacity and low latency has driven the wireless industry’s efforts in research and development

for the fifth generation (5G) wireless communication networks [1]. Various bands of interest

across the mm-wave spectrum, such as 28 GHz, 39 GHz, and 60 GHz have been assigned and

licensed for the 5G networks.

In addition, the global pandemic has pushed a bigger part of the daily life engagements

to the virtual domain leading to an even higher demand of fast, broadband internet connectivity

with low latency. Especially, under-served rural areas with low population density require an

immediate answer to the lack of infrastructure problem [2]. New business models with Low-

Earth-Orbit satellite constellations, have attracted funding, in order to provide feasible solutions

for internet in the absence of fixed cable infrastructure. Hence, the significant interest in the

design of Ku and K-band SATCOM terminals using high performance beamformer chips for the

design of phased-array systems.

Endeavors for further increasing the data-rate capability of short-range links have lead

to the exploration of D-band as potential candidate for next generation networks (beyond 5G /

6G) [3]. In that regard, the design of functional beamformer channels that can be utilized for
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the design of large phased-arrays with sufficient effective isotropic radiated power (EIRP) and

antenna gain at D-band becomes critical.

Figure 1.1: Cisco wireless data consumption forecast [4]
.

1.1 True-Time Delay Units

One popular technique to increase the data rate without increasing the modulation com-

plexity is to increase the instantaneous bandwidth of operation, or the effective channel bandwidth

associated with each sub-carrier. However, there is an upper limit in the effectiveness of this

technique due to the system level limitations imposed by the so-called beam squint effect.

In order to explore the challenges introduced by the beam squint effect we need to analyze

how the beamformer channels introduce the progressive phase shift between each element of a

phased-array.

For this purpose we present the array factor expression when each element is excited

using a progressive phase shift that is constant within the selected instantaneous bandwidth.

AF =
N

∑
n=1

Ine− jk fo(xnsinθscosφs+ynsinθssinφs+zncosθs)e jk fo±∆ f (xnsinθscosφs+ynsinθssinφs+zncosθs)
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Where AF is the array factor, N is the number of elements of the linear array (N2 for the

2-D array), fo is the center frequency at which the phase shifter setting is calculated, 2∆ f is the

instantaneous bandwidth, xn, yn and zn the loci of the elements on the 2-D array and φs, θs the

selected scan angle.

The key observation is that the phase shifter is set at frequency fo but the same phase

shifter setting is used throughout the instantanous bandwidth. This leads to a deviation in the

selected scan angle since the wavenumber changes linearly versus frequency but the progressive

phase shift remains constant.

k =
2π

c
f

We can write, for a linear array on the y-axis with N elements, that its array factor is:

AF =
N

∑
n=1

In = Ane jn(kdcosθs+a) =
N

∑
n=1

In = Ane jnΨ

The array factor get its maximum value when Ψ = 0, which entails that for a scanning

array at angle θs we need to impose a progressive phase shift equal to:

a =−kdcosθs =⇒ a =−2πd
c

cosθs fo =⇒
∂a
∂ω

=−d
c

cosθs

This indicates that in order to retain the desired scan versus frequency we need to apply a

phase shift that is linearly proportional to frequency.
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The angular resolution variation can be quantified as:

∆θs = arcsin(
fo ±∆ f

fo
sinθs)−θs
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Figure 1.2: Beam Squint effect on a 2-D array scanned at 30 °
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The previous derivations illustrate the system level constrains imposed by beamformer

architectures that introduce constant phase shift versus frequency. For a certain instantaneous

bandwidth, a constant phase shift beamformer will lead to a phased array with frequency de-

pendent angular resolution or in other words the phased-array gain will become a function of

frequency. If the gain imbalance becomes higher than 0.5 dB within the instantaneous bandwidth,

the system level functionality is compromised. Also, the phenomenon becomes more intense as

the scan angle increases.

To illustrate the problem we simulate the array factor of a 2-D 8x8 phased array using a

2 GHz instantaneous bandwidth from 27 to 29 GHz (Figure 1.2a-Figure 1.2b). The simulation

results confirm the expected gain variation.

Our target, within this work is to utilize advancements in phase change material (PCM)

technology and integration that will allow for the design of competitive TTD units in order to

minimze the beam squint problem, as it will be presented in Section 2.

1.2 Sensitivity and Dynamic Range

In non-linear systems, the dynamic range is quantified as the ratio between the largest

and smallest signal power that the system can properly demodulate (in the case of a receiver).

Te smallest power level is determined by the system’s sensitivity and the largest by the system’s

non-linear behavior.

For the first part we can write that the system’s sensitivity is given by:

Sensitivity =−174
dBm
Hz

+10log(BW )+NF +SNRmin

For the second part we can further determine the maximum power level based on different

approaches. In the first the maximum tolerable power is based on a single tone test approach
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which makes:

Pmax = IP1dB

This leads to a definition of the system’s dynamic range as:

DR(dB) = IP1dB +174
dBm
Hz

−10log(BW )−NF −SNRmin

The definition becomes stricter using a 2-tone test to determine the maximum tolerable

power as the input power level for which the 3rd order intermodulation products become equal

to the integrated noise level. This leads to a definition of the system’s dynamic range (usually

referred to as spurious free dynamic range) as:

SFDR(dB) =
2(IIP3++174dBm

Hz −10log(BW )−NF)

3
−SNRmin

The previous derivation indicates that from a dynamic range perspective the noise figure

contribution is equal to the linearity performance achieved.

High dynamic range beamformers are extremely important in applications that the received

signal is accompanied by large interferers.

As an instance, RX desensitization is a critical problem in FDD systems where signal

transmission and reception happens simultaneously. In this case, the received signal will be

accompanied by strong interferers from the leaked TX signal (Figure 1.3).

We can express the small signal gain experienced by the signal in the RX band, under the

presence of a large interferer at the TX band as:
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Figure 1.3: Receiver desensitization in FDD architectures.

y = (a1As+
3
2

a3A2
b)AscosωRxt + ...

If the receiver experiences compressive behavior (a1a3 < 0) then the receiver small signal

gain will deteriorate as the interferer increases or as the system’s non-linear behavior (quantified

by its IIP3) becomes worse.

From a system level perspective, in order to improve the overall dynamic range our target

is to improve both the NF performance and along with increasing its linearity. The receiver

linearity can also help alleviate system level considerations like the duplexer attenuation at the

TX band.

Our target, within this work is to demonstrate circuit level and system level techniques

that can lead to the implementation of a state-of the-art k-band Rx/Tx common leg beamformer

channel, as it will be presented in Section 3.
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1.3 D-Band Beamformers

Besides 5G allocated bands up to 60 GHz, frequency bands at 77 GHz and 94 GHz have

been utilized for autonomous radar and short-range imaging systems. In an effort to investigate

the potential to establish ultra high data rate communication links the Federal Communications

Commission (FCC) moved to open spectrum above 95 GHz for new technologies, that can

potentially lead to 5G+ or 6G wireless networks.

(a) (b)

Figure 1.4: Industrial IoT and imaging applications at D-band [5]- [6].

Communication systems at > 100 GHz can utilize the large unlicenced and unallocated

spectrum resources for ultra-high data-rate links. Many applications specifications for increased

data rates and reduced latency force for innovation at D-band. For example, industrial IoT [5]

(Figure 1.4a), in the form of machine to machine real time interaction and virtual/augmented

reality and imaging applications (Figure 1.4b) [6].

In order to design functional systems at D-band the free space loss considerations need to

be properly accounted for (Figure 1.5a). In particular, the 130-150 GHz frequency range, which

is a sub-band within D-band, presents potential for longer-range wireless links due to reduced

atmospheric absorbtion an this range, as it lies in-between oxygen and water molecules absorption
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points.(Figure 1.5b)

Finally, commericially available, advanced silicon nodes such as SiGe BiCMOS and

CMOS SOI typically exhibit > 300 GHz fT and fmax leading to enough intrinsic gain and

sufficient performance at the 140 GHz range.
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Figure 1.5: Free space loss and atmospheric absorption.
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1.4 Thesis Overview

This thesis encapsulates circuit and system level advancements in the implementation

of high performance beamformers for the design of phased arrays from 2-140 GHz. Phase

change material switches, along with SiGe BiCMOS and CMOS SOI technologies are utilized

for the design of an ultra wideband true-time delay unit, an ultra high-linearity and dynamic

range K-band beamformer channel and a D-band Rx beamformer channel with full beamforming

integration at 140 GHz. All designs illustrate advancements in critical aspects of beamformer

design at different frequency ranges.

Chapter 2 presents the design and implementation of 4 ultra-wideband RF switches based

on a phase change material single-pole-single-throw (SPST) switch, which is integrated in the

back-end-of-line (BEOL) of a standard SiGe BiCMOS process from Tower Semiconductor. A

series-shunt SPST, a single-pole-double-throw (SPDT) and a single-pole-four-throw (SP4T)

switch are presented. The switches’ measured performance validates the record on-chip Figure of

Merit (FoM) of 12 fs leading to ultra-wideband insertion loss, matching and isolation performance

all the way to > 67 GHz. Using the same PCM switch at its core, the design of a TTD unit is also

illustrated. The chip uses a variable true time delay architecture through progressively increasing

true time delay paths selected using cascaded PCM switches. To the best of our knowledge, the

chip illustrates the largest relative group delay on a silicon IC of 124 ps along with excellent

matching and insertion loss performance from 2-65 GHz, which make it an excellent candidate

for ultra wideband instantaneous bandwidth applications.

Chapter 3 presents a 19-22 GHz high linearity SiGe BiCMOS Rx/Tx beamformer channel

with 16.5 dB of midband gain, 7.2 dB NF and an IIP3 > 0 dBm. The beamformer integrates

5-bits of phase and gain control (true-monotonical phase control and 15.5 dB of total attenuation)

and achieves an OP1dB of 8 dBm and an OPsat of 9.5 dBm for a 240 mW DC consumption

from a 2.4 V supply. For the design of the active stages the npn device of the 0.12 µm SiGe
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BiCMOS node was used and for the passive components (passive phase shifters and attenuators)

the triple-well MOS device. The presented results correspond to a wirebonded version of the

channel, used for probe measurements. However, the implementation also included a flip-chip

version of the channel. The chip is redesigned to accomodate the insertion of the meatal balls

and its functionality (16 dB gain, 7 dB NF and > 0 dBm IIP3) is maintained and demostrated

through connectorized measurements. The design integrates an in-house fully functional SPI

control scheme and biasing circuits, enabling the C4 implementation to be readily used in the

design of high-performance phased arrays at K-band.

Chapter 4 presents a 132-142 GHz Rx beamformer channel with fully integrated phase

and gain control at D-band. The channel’s measurements showed 19 dB of midband gain at

137 GHz, 7 dB NF, OP1dB of 2.5 dBm along with 4-bit phase control and 3-bit gain control

(true-monotonical phase control and 5.6 dB of total attenuation) with 105 mW peak power

consumption. The channel integrates a D-band vector-modulator based phase shifter along with a

D-band variable gain amplifier (VGA). The VGA is based on a transformer coupled neutralized

pseudo-differential pair, a modified version of a previously developed D-band LNA from TICS-G

lab. The D-band NF and large signal results are validated through waveguide measurements in

our lab. To our knowledge this is the first D-band Rx channel with fully integrated phase shifter

and VGA and a NF of 7 dB and competitive power consumption, pushing the envelope in the

potential architectures for D-band beamforming, making this design a potential candidate for the

design of large phased arrays at 140 GHz.

Chapter 5 concludes the dissertation and discusses future work.

11



Chapter 2

DC-67 GHz Phase Change Material (PCM)

Switches and a 5-Bit True Time Delay Unit

in a SiGe BiCMOS Process

2.1 Introduction

2.1.1 RF Switch Technologies

RF switches are ubiquitous in modern communication system-on-chip implementations.

As the need for higher integration of multi-band systems on chip [7] is increasing (Figure 1.2b) in

order to reduce the cost, so does the need for highly competitive RF switches. The issue becomes

even more challenging at mm-wave frequencies where the switch FoM becomes tremendously

important for the system level considerations. The trade-off between insertion loss, isolation,

linearity and size becomes more critical as the frequency increases.

Wideband switches with reduced insertion loss and high isolation at microwave and

millimeter wave frequencies are increasingly desirable to accommodate a multitude of potential

applications spanning from 1:N switch networks [10]- [11]- [12] to transmit and receive switches.
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Switches with reduced IL can significantly relax system specifications [13], and T/R switches

with increased isolation can alleviate system problems in tranceivers [13]- [14].

State-of-the-art switch implementations in silicon offer a figure of merit RONCOFF of

120-150 fs, with regard to the intrinsic device performance. Several wideband switches using

these processes are presented in literature but the fundamental trade-off between the large device

area needed to implement a low IL switch and the associated capacitance per unit area is limiting

the isolation performance at mm-wave frequencies.

Figure 2.1: Functional Diagram of LTE Front-End Module [7].

The FoM has not improved with process nodes, and CMOS switches built using 130nm,

90nm and 40nm CMOS have nearly the same FoM. 45RFSOI and 22FDX, both based on silicon-

on-insulator process have slightly better FoM, but still in the 120 fs range [29]- [30]. The main

advantage of RF-SOI switches is not only their FoM, but also the capability of high power

handling due to device stacking [31]- [32].
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In an effort to break the FoM trade-off between the insertion loss and isolation per-

formance, various alternatives are presented in literature, each with its own advantages and

drawbacks. RF MEMS switches with very low FoM (8-16 fs) are illustrated in literature [33] but

can only be used in specific applications due to their integration limitations.

Another potential candidate are switches based on Phase Change Materials (PCM). PCM

switches illustrate a FoM that is an order of magnitude less than their most competitive antagonists

[34]- [39] (Figure 2.2) in both silicon and other technologies (GaN, InP, GaAs etc.). Other than the

FoM improvement, the PCM switch power handling is also far superior to its CMOS counterparts.

The PCM switch can handle very high RF power levels at its ON-state (33 dBm) [45] without

stacking and a degradation in its FoM due to connection parasitics. The presented IP3 in literature

is 72 dBm [42].
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) and critical dimension [8].

Figure 2.3a-Figure 2.3b clearly illustrate the superiority of the GeTe PCM crystal versus

all technology nodes, both from an isolation and insertion loss perspective.

The PCM switch integration in a commercial SiGe BiCMOS process [40]- [44] by Tower
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Semiconductor allows for the utilization of the tremendous improvement in the FoM in actual

performance at millimeter wave either from multi-pole switches or in the switch utilization in

passive true time delay unit implementations. The switch can now be used as a building block

from designers along with all the other advantages offered in the BEOL and front-end of the SiGe

BiCMOS SBC18H3 process.

2.1.2 True Time Delay Architectures

TTD units provide a variable group delay within a frequency band and can be used in

wideband phased arrays, radars and imaging or tracking sensors [16]- [17]. Other application

areas involve wideband phased-arrays requiring TTD units at the element level while TTD

units are also placed on sub-arrays for pattern alignment required in GHz-wide instantaneous

bandwidths [18].

There have been several illustrations of TTD units in literature. Initially, varactor-based

transmission line implementations are used to modify the effective capacitance per unit length of

the transmission line leading to an effective modification of the phase velocity [19]- [20]- [21].

This allows for continuous group delay control with the drawback of achieving small maximum

relative group delay.

Low loss and high isolation switches can also be utilized for path selecting applications,

including variable attenuators [15] and variable group delay paths. Depending on the selected

route, the signal propagates through different group delay paths leading to an N-bit TTD unit [22]-

[24], [27]. Finally, all-pass networks have also been utilized in TTD units [17], [25].

This chapter presents the utilization of a commercially available PCM switch integrated

in a production scale SiGe BiCMOS process for the design of ultra wideband and higher com-

plexity switches along with a state-of-the-art true time delay unit using a transmission-line based

implementation. Section 2.1 introduces the PCM switch and showcases its integration in the

BEOL of SBC18H3 process. Sections 2.2 present4 the design and measurement results of the
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(a)

(b)

Figure 2.3: Insertion loss and isolation performance of various technology nodes [8].

wideband PCM-based switches. Section 2.3 presents the TTD unit design considerations and the

measurement results. Sections 2.4 and 2.5 conclude this chapter.
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2.1.3 Global Foundries SBC18H3PCA Process

The PCM switch used in this work is developed by Tower Semiconductor and is integrated

in the BEOL of a 0.18 µm SiGe BiCMOS node (SBC18H3PCA). It is similar in integration as

shown in Figure 2.4 but does not incorporate an SOI substrate and instead uses a standard low

resistivity p-type substrate. The distance between the thick top metals is increased from 2 µm to

6.5 µm so that the PCM core can be integrated [43]. The switch RF and control terminals can

be accessed through metal contacts located on M6. The PCM switch size is 20 µm x 25 µm. All

other specifications of the back-end and the front-end of the process remain the same [44].

Figure 2.4: Cross-section of the SiGe BiCMOS SBC18H3PCA process where the PCM RF switch is
monolithically integrated between M5 and M6 [43].
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2.1.4 PCM Switch Characteristics

The switch is fundamentally a chalcogenide-based (GeTe) crystal that possesses a high

resistivity amorphous state and a low resistivity crystallic state . The switch comes naturally in

the low-resistivity, crystallic state (ON-state). For the switch to transition to the OFF-state, a

voltage pulse needs to be applied on the heater resistor that is integrated within the PCM crystal

core for the crystal to amorphize. In order for it to get back to its ON state, another pulse with

different characteristics needs to be re-applied.

Figure 2.5: (a) PCM switch RF and control terminals.

2.1.5 PCM Switch Actuation

Transitioning between the amorphous (insulating) and crystalline (conductive) states is

accomplished through controlled heat excitation of the crystal core [40]. When the PCM is in the

crystalline state, the transition to the amorphous state is achieved by heating it beyond its melting

temperature (TM), and quenching it to solidify the atoms in the amorphous state (red solid line

in Figure 2.6b). When the PCM is in the amorphous state, the transition to the crystalline state

is achieved by heating the material above its re-crystallization temperature (TC), which is the

temperature at which nucleation and growth of crystalline grains is enabled (blue dashed line in

Figure 2.6b) [44].
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Thermal excitation works as the actuator for the PCM crystal from its ON (RON = 3 Ω) to

its OFF (COFF = 4 fF) state. The PCM switch is also naturally non-volatile, meaning that it can

retain its phase state indefinitely [40].

(a)

(b)

Figure 2.6: (a) PCM switch resistive and capacitive state. (b) Voltage pulse characteristics for PCM switch
actuation.
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2.2 Wideband PCM Switches

In the following subsections the design considerations and suggested implementations of

the wideband PCM switches will be presented along with the measurement results.

2.2.1 SPST PCM Switch

This section presents an SPST switch (Figure 2.7) using the PCM switch at its core (20 µm

x 25 µm). The control terminals are tied to DC pads to externally provide the voltage excitation.

Due to the low Co f f , no inductive matching is used and the switch is directly connected to 52 Ω

coplanar waveguide transmission lines.

Figure 2.7: (a) Layout and schematic of the SPST switch.

Measurements are done using the Keysight PNA-X with GSG probe-tip calibration. This

design achieves an insertion loss of 0.55 dB at 30 GHz and an isolation of 25 dB at 30 GHz

(Figure 2.8a), when referenced to the GSG pads. When the transmission lines are de-embedded,

the SPST switch achieves an IL of 0.25-0.3 dB and is approximately frequency independent

(Figure 2.8b). This IL agrees with the expected value of:

S21 ≈ 1− Ron

2Zo
=−0.3dB with Ron = 3.5Ω
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Figure 2.8: (a) Measured S-parameters. (b) Measured insertion loss.

The measured isolation is easily fitted to:

S21 ≈ 2ωZoCo f f with Co f f = 2.8 f F
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This leads to a measured FoM of 9.8 fs, close the nominal value of 12 fs. The switch is

well matched up to 67 GHz due to its low Co f f . Through this set of measurements the anticipated

value of the PCM switch FoM is validated.

2.2.2 Series-Shunt SPST PCM Switch

In order to increase the switch isolation, a series-shunt SPST is presented in (Figure 2.9)

(50 µm x 50 µm). The shunt switch is placed in one arm of the CPW line (in the gap) and

additional isolation could be potentially obtained if two shunt switch places are used in the

CPW-G line.

Figure 2.9: (a.) Layout and schematic of the series-shunt SPST switch.

In the OFF state, the shunt switch is turned ON, providing a low-impedance path to

ground thus increasing the isolation. The series-shunt isolation is given by:

S21 = 2ωRonCo f f

The measured isolation is 45 dB at 30 GHz and agrees well with Co f f = 5 fF and Ron =

3.5 Ω (Figure 2.10a). The leakage (worse isolation) above 30 GHz is due to only one gap being

shorted and not both in the G-CPW line. In the ON-state, the series-shunt switch has the same IL
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as the standard series switch due to the low Coff of the shunt arm which will start affecting the

IL at very high frequencies, and the measured IL is 0.3 dB when referenced to the switch core

(Figure 2.10b).
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Figure 2.10: (a) Measured S-parameters. (b) Measured insertion loss.
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2.2.3 SPDT PCM Switch

The high-isolation series-shunt switch is utilized as a building block for a wideband SPDT

switch (Figure 2.11). 90 pH series inductors with a Q of 12 at 30 GHz are used at the input and

output port to tune out the added SPST capacitance of the inactivated path. The SPDT switch

is 300 µm x 160 µm, with the area equally distributed between the PCM switch core and the

inductors. Small CPW-G transmission lines lead to the GSG pads.

Figure 2.11: (a) Layout and schematic of the SPDT switch.

The measured SPDT results in an isolation of 45 dB at 30 GHz (as expected from the

SPST measurements), good impedance matching (S11,S22 < -15 dB from 0-67 GHz) and an

isolation of 45 dB at 30 GHz Figure 2.12a.

The SPDT switch insertion loss, when referenced to the inductors (switch ports) is 0.6 dB

at 30 GHz Figure 2.12b. The increase in the switch IL can be traced to the inductor resistance

(1.5 Ω at 30 GHz), which results in an additional 0.3 dB loss due to the use of two inductors. The

other 0.1 dB discrepancy is due to the reflected power (S11 of -17 dB at 30 GHz).

The excellent performance of the SPDT switch, both in insertion loss and isolation, will

allow for its use as a building block in the design of the TTD unit.
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Figure 2.12: (a) Measured S-parameters. (b) Measured insertion loss.

2.2.4 SP4T PCM Switch

The SP4T employs 4 series-shunt SPST switches as shown in Figure 2.13. 100 pH

inductors are added at the input at output ports to tune out the OFF-state capacitances of the

inactivated paths, leading to a size of 360 µm x 210 µm.
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Figure 2.13: (a) Layout and schematic of the SP4T switch.

The resulting SP4T switch has excellent impedance matching to 67 GHz, with an isolation

of 40 dB at 30 GHz (Figure 2.14a), while the de-embedded IL at the reference planes is 0.8 dB at

30 GHz (Figure 2.14b), with 0.3 dB due to the switch core, 0.35 dB due to the inductors and 0.1 -

0.15 dB due to matching loss.

2.3 5-Bit True-Time-Delay Unit

In this section, the wideband SPDT PCM switch will be utilized along with coplanar

waveguide and microstrip transmission lines to design a 5-bit variable path group delay unit.

2.3.1 Transmission Line Design

The ground CPW lines are routed on the top thick metal, which is also the metal on which

the PCM switch RF terminals lie. The CPWG has a signal metal width of 15 µm on M6 with a gap

of 15 µm and M4 metal as ground plane, constituting a reference interface of 52Ω (Figure 2.15a).

The measured insertion loss per mm and 100 ps is 0.35 dB and 4.5 dB, respectively (Figure 2.15b).

The presented measured results for the CPW-G loss are generated from measurements

on 2 small transmission line test cells. Due to the absolute value of the relative loss difference
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Figure 2.14: (a) Layout and schematic of the SP4T switch (b) Measured S-parameters. (c) Measured
insertion loss.

between the 2 different transmission lines being comparable to the calibration error, the presented

results may be ±20% off from the actual values.
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Figure 2.15: (a) 52 Ω G-CPW dimensions. (b) Loss per mm and per 100 ps of group delay.

2.3.2 Layout Considerations

The TTD unit employs cascaded SPDT switches and 50 Ω G-CPW and microstrip

transmission lines of binary-weighted group delay lengths (Figure 2.16). Functionally, each of

the 5 bits is comprised of two back-to-back series-shunt SPDT switches and two transmission

lines, a reference and a delay line, with the smallest delay state introducing a 4 ps relative group

delay with respect to the refence state. Other delays states are 8, 16, 32 and 64 ps. The input and

output GSG pads lie on the same side of the die in order to accommodate the transmission line

layout (Figure 2.17).

The reference line is not a design parameter. It is determined by the TTD unit layout and

care is taken to make a compact design with the shortest line lengths. This led to a design where

the SPDT switches were positioned in a back-to-back configuration, in order to avoid excess
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Figure 2.16: Schematic representation of the 5-bit TTD unit.

transmission line loss on the reference state. The lowest TTD loss is given by the SPDT loss (10

units) and the reference line loss, which is 1.1 mm long and corresponds to 6.7 ps of group delay.

This reference state loss is equal to 6.5 dB at 30 GHz and is attributed almost entirely to the 10

activated SPDT switches in the signal path.

Figure 2.17: Layout of the 5-bit TTD phase shifter.

In order to save area, the signal path transmission lines were folded for the 16, 32 ps

and 64 ps TLs. A distance of at least 50 µm between the alternating paths was selected to avoid

cross-coupling which can lead to a modification of the transmission line characteristic impedance

which leads to increased reflections and affects the group delay flatness. The simulated coupling

between the branches of the 64 ps TL is less than -35 dB at 30 GHz.

This proposed layout leads to a fabricated chip with a total area of 3.39 mm2, where a

small part of the area corresponds to the DC pads needed for the control of all the PCM switches

involved in the signal path.
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2.3.3 Measurements

The TTD unit measurements used on-wafer GSG probes and Keysight’s N5247B 2-port

10 MHz - 67 GHz PNA-X. All measurements for loss and group delay correspond to reference

planes on the input and output GSG pads.
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Figure 2.18: (a) Insertion loss over group delay states. (b) Measured S-parameters over group delay states.

The measured insertion loss per group delay state and the input and output impedance

matching performance are presented in Figure 2.18a-Figure 2.18b. The 5-bit TTD insertion loss

varies between 6.5 dB (minimum group delay state) to 15.5 dB (116 ps group delay state) at 30
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GHz. The additional 9 dB of insertion loss is due to the added transmission-line loss.

The PCM SPDTs allow for high isolation up to 67 GHz, between the activated and

de-activated RF paths, thereby eliminating S21 resonances which can appear in TTD units [24].

Also, the excellent impedance matching between the cascaded SPDT switches and the meticulous

EM simulations in the transmission lines to provide a constant impedance across the variable

signal path, allows for excellent impedance matching across all group delay states.
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Figure 2.19: Measured S21 versus group delay states at 10, 30 and 50 GHz.

Table 2.1: TTD Insertion Loss Breakdown at 30 GHz

Abslolute GD (ps) Measured Loss (dB) Simulated Loss (dB)
0 -6.5 -7

56 -11.4 -9.8
116 -15.5 -12.3

Figure 2.19 presents the insertion loss performance across all group delay state for 3

frequency points, illustrating the expected trend of the insertion loss that widens at higher

frequency across the same group delay state. (Table 3.1)illustrates the measured and simulated

insertion loss versus group delay states for, which are in good agreement, given the uncertainty in

the transmission line loss calculation due to calibration inaccuracies, that become more significant

as the transmission line length increases.
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Another interesting note that arises from our design choices is that if this design was

to be used for a beamformer design the RMS gain error across the group delay states would

progressively increase versus frequency, which is sub-optimal. In this implementation, our target

is to have a proof of concept and this was a secondary issue. However in future implementations,

the design can be modified to intentionally introduce loss in the reference path to match the loss

or the selected group delay. This can be achieved through matched attenuators that will only

introduce loss and not introduce group delay variation in the signal path.
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Figure 2.20: (a) Measured relative group delay states. (b) RMS group delay error.
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Figure 2.20a-Figure 2.20b present the measured relative group delay states and flatness

versus frequency along with the RMS group delay error. The results indicate no visible resonant

points leading to abrupt changes in the group delay response. The PCM SPDTs allow for high

isolation up to 67 GHz, between the activated and de-activated RF paths, thereby eliminating S21

resonances which can appear in TTD units [24].

Also, the excellent impedance matching between the cascaded SPDT switches and the

off-state paths across the signal path allow for the reflected waves to minimally impact the group

delay flatness. As a result the measured group delay flatness is 1-2 ps across the 2 - 65 GHz range

with 2 frequency points at 22 GHz and 55 GHz that becomes 2-3 ps. We attribute the 20-24 GHz

region to a calibration error as we see such a discrepancy in other component tests in our lab. The

55 GHz region also appears to be setup related. The monotonic behavior of the TTD unit is also

shown in Figure 2.21, where the average group delay is super-imposed on the ideal group delay,

illustrating good agreement.
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Figure 2.21: Monotonically increasing states.

Note that not all states were activated in the measurements as the TTD unit requires a

complex activation scheme with on/off pulses given to 20-40 switches. In the future, a decoder

and a pulser will be integrated on the TTD chip in order to resolve this issue.
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2.3.4 TTD Unit Low Frequency Performance

In all group delay measurements presented, the low frequency response exhibits a diver-

gent behavior below 2.3 GHz. This limits the TTD unit from reaching a true DC to 65 GHz

performance.

The divergent behavior is attributed to the absence of the skin effect component on the

transmission line resistance per unit length at frequencies lower than 2.3 GHz. Specifically, the

skin effect will stop contributing to the top metal (M6) resistance at the frequency point where δ

becomes equal to half the thickness of M6 (t = 2.81 µm). In this case, when δ becomes 1.4 µm,

the G-CPW line characteristic impedance will start diverging from its 52 Ω nominal value.

The governing equation of Zo is:

Zo =

√
Rs+ jωL
G+ jωC

Assuming that G is negligible, Zo can be written as:

Zo ≈

√
Rs+ jωL

jωC
=

√
Rs
jωC

+
L
C

=⇒ |Im(Zo)|>> 0 for f < 2.3 GHz

This ensues that for frequencies lower than 2.3 GHz (δ > 1.4 µm), Rs will become

frequency independent and the Zo term will incur an increasing imaginary term as the frequency

approaches DC, which changes the magnitute of Zo (Fig. 11). This in turn affects the group delay

below 2 GHz. The only solution is to use thicker metal lines, which is typical in printed-circuit

boards (30-40 µm of copper), but RFIC back-ends limit the top metal to ∼ 3 µm, thus limiting the

TTD operation to 2 GHz.
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Figure 2.22: (a) Simulated Zo versus frequency - frequency point of divergence agrees well with the
measured GD divergence at ∼ 2.3 GHz. (b) Simulated skin depth and sheet resistance per mm on M6.

2.4 Conclusion

This section presented four DC-67 GHz PCM-based switches in different configurations

(SPST, series-shunt SPST, SPDT and SP4T) and a miniature 5-bit transmission line-based TTD

phase shifter.

Table 2.2-Table 2.4 compare the measured performance of the series-shunt SPST, SPDT

and SP4T switches with other wideband switches. The combination of low loss and high isolation

from DC to > 67 GHz, exhibited by the PCM switches, is the best reported in literature.
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Table 2.2: Comparison with wideband SPST switches

This Work [46] [47] [48] [49] [50] [51] [33]

IC Process PCM* PCM* PCM* PCM* 65nm CMOS 22nm FDSOI 22nm FDSOI RF MEMS

Frequency (GHz) DC-67 DC-40 DC-25 DC-67 DC-94 10-110 DC-220 DC-40

Nom. Insertion Loss (dB) 0.2-0.35 0.2 0.3 0.1-0.4 0.2-1.6 0.3-1.8 0.2-3.1 0.2-0.8

Isolation (dB) > 32 > 20 > 20 > 16 19-30.2 17-23 22-58 15-50

Core Area (mm2) 0.0025 0.0009 N/A N/A 0.151 N/A 0.026 N/A

Table 2.3: Comparison with wideband SPDT switches

This Work [46] [52] [53] [54] [55] [56] [58]

IC Process PCM* PCM* PCM* PCM* 0.13µm SOI 90nm CMOS 45nm SOI 90nm CMOS

Frequency (GHz) DC-67 DC-40 DC-65 DC-20 DC-50 DC-110 DC-50 50-70

Nom. Insertion Loss (dB) 0.2-0.8 0.2-0.6 0.5-2.1 2 0.5-2.1 1-5.5 0.5-1.1 1.5-2

Isolation (dB) >40 >20 >25 >18 >27 >40 >20 >25

Core Area (mm2) 0.048 N/A 0.085 N/A 0.068 0.067 0.004 0.27

Table 2.4: Comparison with wideband SP4T switches

This Work [46] [52] [54] [57] [33]

IC Process PCM* PCM* PCM* 0.13µm SOI 0.13µm CMOS RF MEMS

Frequency (GHz) DC-67 DC-40 DC-65 DC-35 DC-70 DC-15

Nom. Insertion Loss (dB) 0.4-1.3 0.2-1 0.3-1.1 1.1-2.6 1-3.5 0.3-0.8

Isolation (dB) >25 >20 >25 >30 >25 >22

Core Area (mm2) 0.076 N/A 0.167 0.068 0.055 N/A

Table 2.5 presents the comparison on the TTD unit presented in this chapter and other

state of the art implementations. To our knowledge, the TTD unit presented in this work achieves

the higher relative group delay on a silicon IC, along with widest frequency of operation and

lowest loss when measured by (mid-loss value)/(mid-TTD-value). The TTD unit size of 2.29 x

1.48 mm makes it ideal for 2-D phased-arrays with 0.5λ spacing up to 60 GHz and with wideband

instantaneous bandwith.
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Table 2.5: Performance comparison of TTD units

This Work [22] [23] [24] [26] [27] [28]

IC Process PCM* 0.25um CMOS 0.13um CMOS RF MEMS 28nm CMOS PCM* 65nm CMOS

Frequency (GHz) 3-65 10-50 15-40 2-18 3-30 26-34 20-30

Max. Rel. G.D. (ps) 124 32.8 42 100.8 68.5 19 35.2

Nominal I.L. (dB) 10.4 at 30 GHz 15.5 at 30 GHz 14 at 28 GHz 1.6 at 12 GHz 13.5 at 28 GHz 4.9 at 30 GHz 11 at 28 GHz

Loss (dB) per 100 ps 14.9 at 30 GHz 96.9 at 30 GHz 66.7 at 28 GHz 3.2 at 12 GHz 34.4 at 28 GHz 51.6 at 30 GHz 62.5 at 12 GHz

Resolution (ps) 4 Cont. 3 6.3 4.9 2 0.56

RMS G.D. Error (ps) < 3 N.A N.A N/A < 2 N/A N/A

Pdc (mW) Passive** Passive 8.6-24.6 Passive Passive Passive** Passive

Area (mm2) 3.39 0.22 0.99 21.32 0.34 1.4 0.18

* GeTe PCM is integrated in 0.18 µm SiGe BiCMOS BEOL.

** PCM switches do not require constant DC voltage. Voltage is required for transition only.
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Chapter 3

K-Band SiGe BiCMOS High Linearity T/R

Beamformer Channel with > 0 dBm IIP3

and < 7.2 dB NF

3.1 Introduction

Satellite communication (SATCOM) has emerged as a key solution to providing broadband

connection services in low-density rural areas. The non-line-of-sight (NLOS) communication

using SATCOM has also advanced significantly [59]. The driving force behind this development

is multi-channel SiGe and CMOS beamformer chips that have recently been developed and allow

for low-cost phased-array implementations. The K-band SATCOM in silicon is a promising

solution due to the wide available bandwidth and global coverage [60]. In this section, we

demonstrate 2 implementations of a very high linearity beamformer channel in the K SATCOM

band implemented in GF8HP 0.12 µm SiGe BiCMOS process with a 5-bit phase and gain control.

The implementation achieves a midband NF of 7.2 dB and an IIP3 > 0 dBm with an OP1dB of

>8 dBm with a 5-bit gain and phase control.
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Figure 3.1: m-QAM modulation BER vs SNR.

In Figure 3.1, the minimum SNR needed for different m-QAM constellations is presented.

Given the sensitivity and dynamic range definitions presented in the introductory section, we can

calculate the SFDR of the receiver presented in this section.

Sensitivity =−174
dBm
Hz

+10log(BW )+NF +SNRmin

SFDR(dB) =
2(IIP3++174dBm

Hz −10log(BW )−NF)

3
−SNRmin

Table 3.1: High-Linearity Channel Spurious-Free Dynamic Range

Modulation SNRmin @ BER = 10−4 (dB) SFDR ( dB
MHz)

BPSK/QPSK 7.1 64.1

16-QAM 12.6 58.6

64-QAM 16.9 54.3

256-QAM 21.6 49.6
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This table illustrates that the resented channel can achieve a SFDR from 50 to 65 dB per

MHz of integrated bandwidth, leading to a state-of-the-art dynamic range performance.

3.2 Global Foundries 8HP Process

3.2.1 Back-End-Of-Line

The beamformer has been implemented in Global-Foundries’ 0.12 µm SiGe BiCMOS 8HP

Process (GF8HP). This process offers a 7-metal layer back-end that includes 3 top thick metal

layers that can be used for the design of high-Q inductors and transmission lines and 4 thinner

lower metals that can be used for low-frequency or digital routing and bias lines (Figure 3.2). A

typical 50 Ω microstrip transmission line uses the MQ layer as RF ground providing 9.6 µm of

signal line to ground distance. The process also integrates a MIM cap between the top 2 metals

(LY-AM).

The process includes both a high ft SiGe npn and a triple-well MOS device. The first will

be used in all active stages of the design to utilize the high ft/ fmax performance and the second in

all passive stages (phase shifters and attenuators) as a low insertion loss SPST.

Figure 3.2: Back-end-of-line for the 0.12 µm GF8HP SiGe BiCMOS process.
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3.2.2 MOS Triple-Well Device

The nmos triple-well device is the ideal candidate for the design of all the passive

components of the channel. Particularly, the triple well device offers a design knob for insertion

loss minimization by using external resistors to connect the p-well bulk and deep n-well to ground

and Vcc, respectively (Figure 3.3a), in a bootstrapped fashion.
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Figure 3.3: (a) Schematic of the triple-well device and the external resistors used to reduce the insertion
loss. (b) Simulated insertion loss of the reference 100 µm triple-well nmos device.
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For a square-law device operating in deep triode, the ON resistance can be quantified, to

the first order, as:

RON =
1

µnCox
W
L (VGS −Vth −VDS)

This entails that using a high-value resistance in series to the gate, bulk and deep n-well

nodes will generate a high impedance to ground, allowing for a constant gate-source voltage

across the RF swing. Based on simulation results, a resistor in the KΩ range achieves the insertion

loss improvement. A 20 KΩ resistor was selected for this purpose and was used in all the SPSTs

of the passive blocks (Figure 3.3b).

This improvement in the insertion loss performance of the unit SPST switch is very

important for the system design. If the attenuation or phase shift functionality came at a very

steep reference loss, achieving a high linearity system design would require a very power hungry

design.

3.2.3 Bipolar Device

GF8HP process integrates a high performance npn device. For the design purposes of this

work, the npn device was used in all amplifier designs as in the layout presented in Figure 3.4a.

As expected, in Figure 3.4b the npn device peak ft and fmax occur at a current density of 1.3-1.6

mA
µm , with peak values of 220/170 GHz, providing with sufficient intrinsic gain to work with at

K-band. The NFmin performance of the device occurs at a bias current of 0.2-0.3 mA
µm .

All amplifier stages are cascode or pseudo-cascode. The layout of the common gate

device is similar to the one presented for the common source, with a target to minimize the

interconnection inductance.
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Figure 3.4: (a) Layout of the npn device. (b) Simulated ft , fmax and NFmin of a 13 µm npn device layout.

3.3 Common Leg Noise and Linearity Optimization

The target of the design is to simultaneously optimize the NF and IIP3 performance of the

channel in order to maximize its dynamic range performance. To achieve this we need to examine

the fundamentals of cascaded noise and IIP3 performance of noisy and non-linear cascaded

sub-circuits.
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Figure 3.5: Noisy and non-linear beamformer channel.

3.3.1 Cascaded Noise Figure Optimization

A structure with cascaded noisy components Figure 3.5 will have a noise factor of:

Fsystem = F1 +
F2 −1

G1
+

F3 −1
G1L2

+
F4 −1

G1L2G3
+ ...

This indicates the dependence of the system noise figure from the first stages of the chain.

However, it also indicates that in a cascaded system that involves lossy components along the

signal path, it is critical to properly distribute the loss across the chain in order to compensate its

effect on the noise figure.

3.3.2 Cascaded Linearity Optimization

A system of cascaded non-linear sub-circuits (Figure 3.5) will exhibit a cascaded IIP3 of:

IIP3system =
1

1
IIP31

+ G1
IIP32

+ G1L2
IIP33

+ G1L2G3
IIP34

+ ...

The system level linearity is dominated by the latter stage. Overall, the preceeding stages

need to be linear enough so as to drive the upcoming stages without introducing compression to

the system. However, this fundamental target can lead to power greedy designs if the gain and

loss distribution is not distributed wisely across the chain.
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3.3.3 Optimal Architecture

In order to determine the optimal architecture for the K-band beamformer, we first need to

determine the passive components loss. For a design that involves a 5-bit phase shifter and a 5-bit

gain control of 15.5 dB in total, we need to determine the loss penalty that will be introduced in

order to achieve the desired functionality (RMS gain and phase error).

Using the triple well device to create the SPST switch core and EM simulations for the

needed inductors, we are able to determine the expected loss of the passive components. After

simulations the overall loss that needs to be distributed across the channel is 18.3 dB (11.6 dB for

the phase shifter and 6.7 dB for the reference state of the attenuator).

Using this number as a reference, along with our desired specifications of > 0 dBm

IIP3, NF of 6 dB and OP1dB > 10 dBm for an overall gain of 20 dB, we present two possible

implementations.

Figure 3.6: Case study 1

As seen in (Figure 3.6), the first configuration involves a 5-bit phase shifter and a 5-bit

attenuator with a driver amplifier in between. Given that, after simulations, the loss of the phase

shifter is significantly higher than the attenuator, the placement shown in this topology will

compromise the cascaded noise figure of the system, as it will be impossible to make a very high

gain LNA to compensate the loss without severely limiting the linearity of the LNA, as we will

need to operate at a relatively low bias point for NF considerations.

As seen in (Figure 3.7), the second topology places the attenuator first and the phase

shifter before the PA. This configuration relaxes the specification for the gain of the LNA since the

attenuator loss is significantly lower that the phase shifter. However, the line amplifier needs to
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Figure 3.7: Case study 2

be able to drive the PA in addition to the phase shifter loss in order not to introduce compression

to the cascaded system, which will lead to a very power hungry stage.

The previous analysis indicated that we are incentivized to explore configurations with

multiple line amplifiers in order to break the trade-off between the NF and linearity and the strain

created either onto the LNA design or onto the line amplifier design.

Figure 3.8: Case study 3 - Multiple line amplifiers

As seen in Figure 3.8, by using 2 line amplifiers and breaking the loss involved with the

passive phase shifters onto two different blocks, we are able to distribute the loss and gain in a

more uniform way across the chain leading to relaxed specifications for each block.

In particular, the phase shifter loss is around 6 dB per stage. This leads to an LNA design

that can balance both a relatively low NF along with good linearity performance. On the output

side, the second line amplifier will need to drive the smaller loss of the attenuator plus the needed

power to compress the PA, which helps significantly reduce its power consumption.

Another design parameter, is the fully differential implementation selected. EM related

considerations lead to this design choice which leads to the introduction of a input balun that

directly affects the system’s NF. On the other hand, RF ground definition problems are severely

alleviated, reducing the risk for discrepancies between simulated and measured results.

In conclusion, the NF performance is directly affected by the input balun loss and the

LNA NF performance. The LNA gain is not fully optimized in order not to reduce its IP1dB.
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Figure 3.9: High linearity channel wirebond implementation.

On the other hand, the linearity will be heavily dominated by the PA’s compression assuming

that all other amplifiers have been designed to operate sufficiently at back-off in order to provide

linear power to the succeeding stage. However, the last point cannot be fully satisfied due to the

trade-off between the power consumption and the compression point that forces us to introduce

some compression before the PA.

The implemented chip is shown in Figure 3.9, along with the wirebonds around it that end

to the DC board that allows for the biasing and SPI control of the phase and gain states.

3.4 Passive Components Design

For the passive components design the triple well device will be utilized, in order to

optimize the SPST switch insertion loss. All phase shifter blocks are based on conventional LC

structures with high pass - low pass networks that will introduce the necessary relative phase shift.

The attenuators will be based on phase corrected pi-type structures.
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3.4.1 Pi-Type Attenuators

For the attenuator cells, a pi-type resistive matched attenuator structure was used. The

RF signal will either propagate from the SPST switch or from the resistive attenuator strucure in

parallel to the SPST (Figure 3.10).

(a) (b)

(c)

Figure 3.10: (a-c.) 0.5-1-2, 4 and 8 dB attenuator cells.

Table 3.2: 0.5,1 and 2-dB cells schematic component values

Atten. (dB) Ws (µm) Rs (Ω) Rsh (KΩ)
0.5 40 4 1.1
1 50 7.5 0.76
2 40 14.5 0.19
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The design challenge with the pi-type structures lies in the phase imbalance introduced

between the reference and attenuation states, which deteriorates as the desired attenuation becomes

higher. This issue will give rise to significant system level degradation if it is not addressed in

circuit level.

The fundamental reason is that the attenuation is used to enable tapering across the

elements of a phased array in order to reduce the sidelobe levels. If the phase imbalance issue is

not addressed, when the system employs a deep taper along with a specific phase setting that will

result in a particular scan angle, the phase imbalance due to the tapering will introduce unwanted

phase distortion at the edge elements leading to significant degradation in the angular resolution

of the system. Typically, the target is to make the gain related phase imbalance to be < 0.5 LSB,

in this case 6°, in order to assure the monotonical performance of the phase shifter even under

heavy attenuation.
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Figure 3.11: (a) Measured and simulated gain steps and phase variation in breakout attenuator cells.

To alleviate this problem, the presented 4 and 8 dB attenuator cells include low-pass phase

correction networks in the attenuation state, leading to a significant improvement in the overall

system phase variation over all the gain states (<±5°), with the cost of increased reference loss

(Figure 3.11) [61]- [62]- [63].
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3.4.2 LC-Type Phase Shifters

For the phase shifter cells, various topologies are used in order to achieve all goals, i.e.

low and balanced insertion loss between the reference and phase-shift state, good impedance

matching and flat phase difference across the frequency band of interest.

(a) (b) (c)

Figure 3.12: (a-e) 11, 22 and 45 degree phase shifter cells [64], [67].

For the lower phase shift cells (11°, 22° and 45°) an SPST switch in shunt with a phase

introducing network is used (Figure 3.12). For the 11° cell (Figure 3.12a), a simple inductor is

used to resonate the off-capacitance of the SPST switch and introduce the phase shift. However,

this structure cannot be used for high relative phase shift due to poor relative phase flatness versus

frequency.

For this reason more complex shunt structures are used, for all higher relative phase

shift cells (Figure 3.12-Figure 3.13). These structures create a high-pass/low pass reference and

phase shift path leading to increased phase flatness versus frequency since both states present

a frequency dependent phase response leading to relatively constant relative phase shift versus

frequency.
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(a)

(b)

Figure 3.13: (a-b) 90 and 180 degree phase shifter cells [64], [67].

Another design aspect from a circuit perspective is that the reference and phase shift paths

need to introduce similar insertion losses (and as small as possible). This is an extra parameter for

the design that needs to be carefully examined in order to optimize the beamformer’s RMS gain

error performance, which should ideally be less than half the least significant bit of the attenuator,

in order to maintain a monotonical gain decrease from the attenuator.

Figure 3.14a shows excellent agreement between the simulated and measured phase

response, while Figure 3.14b shows good agreement for the insertion loss response (relative

insertion loss between simulated and measured reference and phase shift state) as well, with the

smaller phase shift cells suffering more, since the reference state only involves an SPST switch.
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Figure 3.14: (a) Measured vs simulated phase shift. (b) Measured vs simulated loss in breakout phase
shifter test cells.

The overall reference state loss for all the passive components is presented in Figure 3.15,

illustrating good agreement between measurements and simulations with the small discrepancies

related to the modeling of the SPST insertion loss which compounds as more SPSTs are involved

in the signal path. On another note, the attenuator insertion loss versus frequency is naturally

degrading because of the effect of the shunt parasitic capacitance. This needs to be compensated

through the active design to maintain a 3-dB bandwidth from 19-22 GHz.
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Figure 3.15: (a) Passive components measured vs simulated refernce state insertion loss.
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3.5 Active Components Design

3.5.1 LNA and Line Amplifier Design

For the amplifiers, two different approaches were used. For the LNA and the line amplifier,

a cascode structure with a current mirror at the tail was used to externally control the current

density and provide some flexibility to control the gain of each stage Figure 3.16.

From a schematic perspective, a differential cascode structure with inductive degeneration

was selected to help with the input impedance matching. The cascode structure was necessary to

boost the gain and improve the reverse isolation. Finally, intentional de-Q of the output matching

network was used to increase the 3-dB bandwidth of each stage.

Figure 3.16: (a) LNA and line amplifier schematic.

Table 3.3: LNA and Line Amplifier Component Values

Amplifier (dB) Cin (fF) Lin (pH) Ldeg (pH)
LNA 140 800 200

Amp1 90 900 540

The inductive degeneration, other than the advantages if offers with regard to the creation

of a controllable real impedance at the device input, was also used as a linearization knob.

Increasing the degeneration inductance for the same RF input swing, reduces the effective swing

across the base and emitter terminals, leading to an increase of the IP1dB point of operation of

each stage.
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3.5.2 Driver Amp and PA Design

For the the design of the driver amplifier and the PA the current mirror device was removed

in order to increase the voltage headroom available for the RF voltage swing at the common

gate device collector, while the gate resistance is reduced in order to allow for the amplifiers to

increase their base bias current as needed to self-bias when getting close to the class-AB regime.

Figure 3.17: Driver amplifier schematic.

In the PA design, the de-Q resistor is removed in order to avoid the RF current being

wasted onto the resistor, thus improving both the power and efficiency of the PA. The PA’s output

impedance was co-optimized along with the output balun. Also, the power amplifier small-signal

gain was tuned higher than the center frequency on order to partially compensate for the attenuator

gain drift versus frequency.

Figure 3.18: PA schematic.
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The simulated and measured results of the small-signal and large signal for each ampifier

are presented. The results present good agreement in the center frequency of each amplifier with a

small gain reduction in the measurements. The design intention was to have sufficient gain on the

LNA, while using enough gain across the following amplifiers to maintain the system linearity.
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Figure 3.19: (a) Measured S21 of the 4 amplifiers. (b) Measured OP1dB of the 4 amplifiers.

3.6 Beamformer Channel Measurements

3.6.1 Wirebond Channel Measurements

Figure 3.20: Wirebond channel bias point for small signal-measurements.

In (Figure 3.21a), the measurement results of the wirebonded implementation of the

beamformer are presented. The S21 is centered at 20.5 GHz while the 3-dB bandwidth is identical
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to the simulated (18.8 - 22.2 GHz). The drop in the simulated S21 is due to the measured

discrepancy in the S21 of the amplifiers ant the attenuator cell loss.

The NF performance is slightly worse due to the increased loss of the input balun and of

PS1 right after the LNA, which contributes to the system NF since the LNA gain is also slightly

lower than expected. The input compression point and the output power at compression are close

to the simulated with their discrepancies being attributed to the increased loss of the attenuator

stage. This directly affects the output power at compression since, for the same bias points, the

driver amplifier will not be able to linearly drive the PA. On the other hand, this extra loss reduces

the gain and thus increases the input compression point.
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Figure 3.21: (a) Measured and simulated S-parameters and NF of the channel. (b)Measured and simulated
IP1dB and OP1dB of the channel for a universal Vcc=2.4 V.

The beamformer incorporates 5 bits of gain and phase control with a total attenuation

of 15.5 dB with a 0.5 dB step and a phase resolution of 11 degrees. In the system context, the

gain variation between all 32 gain degrees, showing the effect of the employed phase balancing

scheme used in the attenuator design. All the presented results correspond to a uniform Vcc of

2.4V and a power consumption of 240 mW.
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Figure 3.22: (a) Measured phase states and RMS phase error for all 32 states. (b) Measured gain variation
for all 32 states and RMS gain error.
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Figure 3.23: (a) Measured gain states. (b) Measured phase variation for all 323 gain states.

3.6.2 C4/ Flip-Chip Channel Measurements

The beamformer channel was also implemented using the C4/flip-chip technique. For this

purpose 50 µm metal balls are positioned in the specified openings of the control and RF pads

(Figure 3.24). In order to model the insertion of the pads and the PCB interface, the stack-up used

for the EM simulations was modified, in order to include the extra metals on top of the existing

passivation layers. Due to this modification a small offset in the center frequency was introduced

in the simulations of the channel, leading to minor redesign to meet the specifications.
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Figure 3.24: GF8HP stack-up modification for C4 ball incorporation.

The implemented connectorized board and flip chip are illustrated in Figure 3.25. The

flip-chip input and output GSG pads are connected to the 2.92 mm RF connectors through a 50 Ω

coplanar waveguide transmission line on the PCB. The RF connector and the input and output

GSG pads will be used as the reference planes for all the connectorized measurements.

Figure 3.25: C4 flip chip channel and RF connectorized board.
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The C4 small signal measurements are in good agreement with the wirebond results. The

mid-band gain is 16 dB, the mid-band NF is 7 dB as seen in Figure 3.26.
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Figure 3.26: C4 conntectorized board measured S-parameters and NF.

The large signal measurements are also in good agreement with the wirebond channel

(Figure 3.27). The input compression point is at -8 dBm and the OP1dB 7 dBm, while the OPsat is

8 dBm, defined at the IP1dB + 3dB point.
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Figure 3.27: C4 channel large signal measurements.
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The expected IIP3 is verified by the measurements presented in Figure 3.28. Typically we

expect the IIP3 level to be 9 - 10 dB higher than IP1dB, which is validated through measurements.
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Figure 3.28: C4 channel IIP3 measurements

The phase shifter performance is illustrated in Figure 3.29. THe RMS phase error is less

than half the least siginificant bit (6°), leading to a monotonical progressive phase step. The RMS

gain error performance is also similar to the wirebond channel, illustrating that the redesign for

the C4 ball integration was successful.
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Figure 3.29: (a) Phase states and RMS phase error. (b) S21 variation vs phase states.
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The gain state performance is illustrated in Figure 3.30., where the results are similar to

the wirebond case with a small change in the mid-band gain (16 dB for the C4 channel).
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Figure 3.30: (a) Absolute gain states and phase variation. (b) Relative gain states.

3.7 Conclusion

In this work, a high linearity and low NF beamformer with 5-bit of gain (15.5 dB total

attenuation) and 5-bit of phase control is presented and that can be used for both receive and

transmit applications. The high IIP3 in addition to the relatively low NF of the channel leads to a

state of the art dynamic range performance. The channel functionality is illustrated in a wirebond

and flip-chip implementation.

A comparison of the C4 chip performance with other state of the art dynamic range

implementations is presented in Table 3.4. This work illustrates one of the highest dynamic range

performances reported in literature along with a OPsat of 8 dBm.

The implementations compared in this section correspond to single-leg Tx/Rx imple-

mentations ( [67]- [68]- [69]). Other implementations, that involve RF SPDTs and separate
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Table 3.4: High linearity beamformer comparsion with the state-of-the-art

Parameter This work [67] [68] [69]
Technology 0.12 µm SiGe BiCMOS 45nm CMOS SOI 0.13 µm CMOS 45nm CMOS SOI

RF Freq. (GHz) 18.8-22 24-30 9-10 26-28
Operation Mode RX TX RX TX RX RX

Gain (dB) 16.2 16.2 16 16.5 11.5 12
NF (dB) 7.2 - 3.7 - 3 > 4

IP1dB (dBm) -8.2 - -15 - -15 -8
IIP3 (dBm) > 1 - - - - 0

OP1dB (dBm) - 7 - 8 3 -
OPsat (dBm) - 8 - - - -
SFDR (dB) 71.1 - 68.8 - 64.7 73

RMS Gain Error (dB) 0.7 < 0.8 < 0.6 -
RMS Phase Error (°) <6 < 4 - 4

Pdc (mW) 200 54 100 19 42
Area (mm2) 2.46* 3* 1.89* 1.75

optimization of the NF and OP1dB ( [65]- [66]) will not be used for comparison purposes.
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Chapter 4

A 132-142 GHz RF Beamforming Phased

Array Receiver Channel with 7 dB NF in

45nm RFSOI

4.1 Introduction

Advancements in millimeter-wave systems at > 100 GHz range have provided a potential

solution that enables ultra-high-data rates for short-range communication links [70]- [77]. Systems

designed at this frequency range are excellent candidates to meet the ever-increasing demand for

data, due to the wide unlicenced frequency bands with little to no interference with no limitations

to channel capacity.

In order to compensate for the increased path loss at millimeter-wave bands, particularly

at > 100 GHz, phased-array systems need to be employed in both the transmit and receive end, in

order to increase the equivalent isotropic radiated power (EIRP) and antenna gain, while providing

electronic scanning capabilities.

In order to design high performance phased arrays at 140 GHz the architecture exploration
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of the beamforming architectures to determine the best candidate is crucial. There are several

potential candidates for D-band beamformer implementations, each with its advantages and

drawbacks.

First, IF beamforming is a possible candidate (Figure 4.1). The integration of the beam-

forming functionality at a convenient IF frequency significantly reduces the beamforming circuit

complexity and ensures very competitive RMS phase and gain performance. However, the system

will employ one mixer and LO driver per channel, leading to increased layout complexity for LO

signal distribution and symmetry, since the passive mixer gain will heavily depend on the LO

driver level. The design complexity also involves the development of a high gain and low NF

D-band LNA.

Figure 4.1: D-band IF beamforming architecture.

Second, digital beamforming is another potential candidate (Figure 4.2). This architecture

also involves one mixer per channel and has the inherent disadvantage of requiring very high speed

ADC per channel, making the scalability of this topology challenging due to power considerations.

Finally, the candidate that will be examined in this work is the full RF beamforming

architecture (Figure 4.3). In this approach, the beamforming functionality is fully integrated in
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Figure 4.2: D-band digital beamforming architecture.

D-band, increasing the design and layout challenges for the phase shifter and VGA/attenuator.

However, the design only involves one mixer solving the LO distribution issue.

Figure 4.3: D-band RF beamforming architecture.

Our target in this work is to develop a full-RF D-band beamformer with 4-bit of phase

and 3-bit of gain control that will have a comparable power consumption with its IF beamforming

competitotrs. This will indicate that the full RF integration of the beamformer at D-band is a

viable design option.
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4.1.1 Global Foundries 45nm RFSOI Process

The full RF beamforming phased-array receive channel is designed in GlobalFoundries

45nm RFSOI process (Figure 4.4). This process has three ultra-thick metals (LD = 4.1 µm, OB

and OA=3 µm), in which all inductors and transmission lines are implemented for reduced loss at

140 GHz.

Figure 4.4: 45RFSOI back-end-of-line.

The floating-body RF NFET is selected for the design of the receiver, which provides a

NFmin of 2.4 dB at 140 GHz at bias current density of J = 0.17 mA
µm (used in the LNA design) while

an increased current density of 0.2 - 0.25 mA
µm is used for optimal ft/fmax performance in the phase

shifter (Figure 4.5b).

A double-gate contact with high density poly-M1 vias is employed to reduce the gate

resistance and a relaxed-pitch layout is chosen (Figure 4.5a) to reduce the parasitic capacitance

[78]. A vertical natural capacitor (vncap) is provided and realized using metal fingers in a stacked

fashion (bottom four metal layers (M1, M2, M3 and C1) [70].
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(a) (b)

Figure 4.5: (a) Reference floating body device layout. (b) Device characterization.

4.2 Full-RF Beamformer Receive Channel Architecture

The full RF beamformer phased-array receiver channel is comprised of a 3-stage trans-

former coupled LNA, a gilbert-cell based active phase shifter utilizing a passive coupled line

I/Q generator along with a 2-stage transformer coupled VGA (Figure 4.6a). The design does not

include SPI control leading to a large number of pads needed for its control. The implemented

chip (Figure 4.6b), has an area of 2.77 µm2.

(a) (b)

Figure 4.6: (a) Proposed D-band receiver channel block diagram. (b) Implemented channel die micropho-
tograph.
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The channel is implemented in a fully-differential configuration in order to minimize the

RF ground reference definition problem, particularly at 140 GHz. This steers part of the design

complexity onto the design of 140 GHz balanced baluns.

4.3 D-Band LNA Design

A 3-stage fully differential transformer coupled LNA using cross-coupled pairs with

neutralization capacitors to increase the maximum available gain (MAG) that has been presented

in [70], is used. The neutralization uses vertical natural capacitors (vncap) with M3 - C1 layers

(Figure 4.5a). 30x1 µm (30 fingers with 1 µm finger width) double-contact relaxed-pitch transistor

pairs at bias condition of J = 0.17 mA
µm are used for close noise/gain matching, low NFmin and high

fmax.

(a)

(b)

Figure 4.7: (a) Transformer coupled LNA schematic. (b) LNA small signal measurement and simulation.
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Figure 4.7 presents the measurement results of the design, which showcase a D-band LNA

with 18 dB of gain at 140 GHz and 6.5 dB of NF. The measured results show a frequency of 3%

due to EM modeling of the device and the interconnects.

4.4 D-Band Phase Shifter Design

The phase shifter is the most challenging component to design and implement due to the

interconnect complexity, especially at 140 GHz. The proposed 4-bit implementation is based on a

fully differential vector modulator with input and output baluns (Figure 4.8). The design involves

a balanced input balun, an I/Q signal generator and a vector modulator that is used for proper

summation of the I/Q currents at the output, to generate the desired phase shift.

Figure 4.8: Proposed D-band phase shifter block diagram.

4.4.1 Balanced Balun Design

The design of a passive balun at 140 GHz is a challenging task, since phase and gain

balance at the secondary ports requires extensive EM modeling and simulations to be achieved.

This is a critical aspect of the design as gain and phase imbalances introduced before the I/Q

signal summation will directly translate to an increase of the RMS phase and gain error of the

phase shifter.

The passive balun transforms the single-ended 50 Ω to match the input impedance of the

coupled line coupler (70 Ω) (Figure 4.9a- 4.9b). The design utilizes the OA-OB metals due to
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their thickness and close vertical distance to increase the coupling factor and reduce the loss. The

simulated S21 is 1.7 dB (plus the natural 3 dB split) and the phase difference is 178.5 degrees at

140 GHz.

(a) (b)

Figure 4.9: (a) Balun layout (b) Simulated balun amplitude and phase balance.

4.4.2 Coupled Line Coupler - I/Q Generator

After the passive balun, the input signal to the differential I/Q generator ideally has a 180°

phase shift. The output of the coupled-line coupler will ideally be amplitude balanced and each

port will have a ideal 90° separation. This is a crucial part of the design as any imbalances prior

to the I/Q summation will compromise the RMS phase error.

The I/Q generator uses 2 single-ended λ

4 couplers, one for each polarity (Figure 4.10a).

The coupler transmission lines are routed on the OB layer using the OA layer as ground. For a

width of 2.6 µm and spacing of 1.2 µm the coupler has an input single ended impedance of 35 Ω

(even/odd: 53/24 Ω).

Another design aspect for the design is the input impedance of the vector modulator, that

is very low (3 - j15 Ω) at 140 GHz, leading to a very lossy impedance transformation if the
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coupled line coupler input impedance is large (i.e. 50 Ω). However, due to DRC limitations the

achieved minimum value of the output impedance while still retaining the phase and gain balance

of the coupler is 35 Ω.
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Figure 4.10: (a) Coupled-line coupler layout. (b) Simulated coupler amplitude and phase balance.

The simulated results of the coupler illustrate excellent phase and gain balance at inverse

and quadrature ports, will an exact 90° separation and a 0.3 amplitude imbalance, with 0.8 - 1 dB

of excess insertion loss (after the natural 3-dB power split).

4.4.3 D-Band Vector Modulator

In the schematic representation of the design (Figure 4.11), we notice two copies of the

single ended λ

4 coupled line coupler used as an I/Q generator, the input matching network of the

vector modulator, based on LC matching, and the gilbert-cell based vector modulator along with

the output matching network.

The vector modulator design uses higher Vdd due to the headroom considerations in-

troduced by the need to stack 3 devices. The devices of the differential pair use capacitive

neutralization (as in the LNA design) and operate at higher Jd of 0.2-0.25 mA
µm , in order to have
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sufficient intrinsic gain.

Each differential pair is activated using the polarity control, in order to select the phase

quadrant of operation (Table 4.1). The current mirror at the bottom is used to control the magnitude

of the inverse or quadrature current that will be used in the output combining network.

For this purpose an external current DAC is designed with a target of providing the coarse

and fine tuning required to achieve the exact I/Q ratios for the desired phase shift state. Both the

polarity selection device and the current mirror device sizes are significantly higher than the gm

device in order to increase the available headroom for the gm device.

Table 4.1: Phase quadrant selection control

Quadrant 0-90 (°) 90-180 (°) 180-270 (°) 270-360 (°)

CI+ 1 0 0 1

CI− 0 1 1 0

CQ+ 1 1 0 0

CQ− 0 0 1 1

Figure 4.11: Full phase shifter schematic at balanced I/Q excitation (45 ° state).

In order to activate the appropriate phase state the following current ratios are used, along

with the quadrant control sequence.
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Figure 4.12: Phase shifter bias currents for different control settings.

Table 4.2: Phase state selection control

Quadrant 0° 22° 45° 67° 90°

IDC(mA) 15.6 12.4 10.5 2.2 0

QDC (mA) 0 2.2 10.5 12.4 15.6

IRF + Ibias (mA) 19 17.8 25.5 17.8 19

Pdc (mW) 30.4 28.5 40.8 28.5 30.4

Table 4.2 indicates the power consumption per phase state. The design has different

power consumption per selected state as this is a design selection in order to use the Jd knob to

modify the effective gm point of operation of this device in order to improve the RMS gain error

performance of the beamformer channel.

The power consumption spans from 28.5 - 40.8 mW for a Vdd = 1.6 V. The rest of the

states in the other quadrants are generated using the same truth table and mirroring the values of

the dc currents accordingly. We notice that the 22 and 67 ° states require a 5.6 ratio between the I

and Q bias currents.
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4.5 D-Band VGA Design

The 3-bit VGA design uses 2 stages of the transformer-coupled differential pair used in

the LNA design (Figure 4.13). The variable gain functionality stems from the modification of

the ft / fmax point of operation for each device, throught he control of the device VGS. In order to

have steep gain control the traversing of the ft / fmax needs to happen at low current densities of

0.05-0.2 mA
µm (Table 4.3).

Figure 4.13: Transformer-coupled VGA schematic.

Another aspect of the design that makes the VGA integration at D-band challenging

is the minimization of the phase variation across the different gain states. The Vgs knob was

the best option for this purpose since the associated capacitances of the device do not illustrate

significant variation across different bias points, as it can be shown in both simulation and channel

measurements.

Table 4.3: VGA state control bias currents.

Attenuation 0 dB 0.8 dB 1.6 dB 2.4 dB 3.2 dB 4 dB 4.8 dB 5.6 dB

IDC(mA) 23 18 15 13 11 10 8.5 7

JD (mA
µm ) 0.192 0.15 0.125 0.108 0.092 0.083 0.071 0.058

PDC (mW) 25.3 19.8 16.5 14.3 12.1 11 9.4 7.7
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4.6 Measurements

All measurements are performed using on-chip probing with GGB GSG WR-6 and WR-5

waveguide probes. For the small-signal measurements, a Keysight E8364B network analyzer

and OML WR6 VNA extension modules are used, together with on-chip TRL calibration. The

reference planes are located at the waveguide probe tips.

4.6.1 S-Parameters

The measured peak gain is 19.2 dB at 137 GHz with a 3-dB bandwidth from 132 - 142

GHz (10 GHz). The mean gain is 16 dB at 137 GHz (Figure 4.14). The RMS gain error is 1.5 dB

(Figure 4.14). It is clear that there is significant discrepancy between simulated and measured

results. There are two main reasons for this discrepancy.
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Figure 4.14: Measured gain variation vs phase states and RMS gain error.

First, the presented LNA measurements indicate an upward shift in the center frequency,

leading to more than 10 dB of difference at 136 GHz with respect to the anticipated gain. Second,

the EM simulations involved in the design of the phase shifter and the layout complexity lead

to a discrepancy in the expected loss of the phase shifter by 5 dB. This leads to an overall S21
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difference of 15 dB at 137 GHz. Also, layout asymmetries that are not captured in the EM models

generate a steeper gain variation than expected.
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Figure 4.15: (a) Measured phase states and RMS phase error. (b) Measured gain states and phase variation
vs gain states.

The RMS phase error is less than 11° leading to a monotonical, true 4-bit performance

while the RMS gain error is 1.5 dB (Figure 4.15a). The VGA exhibits a 3-dB gain control with a

< 5° absolute phase variation versus gain states. (Figure 4.15b) for a total attenuation of 5.5 dB.
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4.6.2 Noise Figure Measurements

The receiver channel noise figure is measured with the hot/cold Y-factor method using an

external VDI WR5 noise source with an isolator. The noise source’s ENR is characterized for

frequencies higher than 140 GHz and for the purposes of this measurement it is assumed that it

retains its noise characteristics at the 132-140 GHz range (specifically assume an ENR = 8.5 dB).

(a)

(b)

Figure 4.16: (a) Photograph of NF measurement setup. (b) Block diagram of NF measurement setup.

In Figure 4.16, the setup used for the NF measurements is presented. The WR-5 noise

source is directly connected onto the WR-5 GGB probe which has a 4 dB insertion loss which is

de-embedded from the measured NF to get the reference point to the probe tip. On the output side

of the DUT a D-band amplifier with 20 dB of gain is used to compensate the loss of the WR5

VDI passive sub-harmonic mixer that is needed for the signal down-conversion.
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The frequency downconversion of the noise signal is necessary as there are no available

power meters at that would allow a direct measurement of the noise power levels at D-band. Then,

the downconverted noise signal is amplified using an IF Quinstar 0.5 - 18 GHz LNA so that the

power level can be increased above the sensitivity level of the spectrum analyzer. The measured

NF is 6.5-8 dB from 132-142 GHz with an average NF of 7 dB (Figure 4.17).
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Figure 4.17: Beamformer channel NF measurement.

4.6.3 Large Signal Measurements

For the large singal measurements the VDI AMC-333 is used to provide the input power

signal to the DUT. First, the AMC output power is characterized vs frequency and then the same

power level is used as the input of the channel and the output power is monitored using the VDI

PM4 power meter. The input and output probe losses are de-embedded in order to bring the

reference points of the measurement to the probe tips. The measured OP1dB is 0-3.5 dBm and the

OPsat is 0.5-5 dBm from 132-142 GHz.
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Figure 4.18: (a) Large signal measurement setup (b) Beamformer channel power measurements.

4.7 Conclusion

A D-band full RF beamforming phased-array receive channel implemented in GF CMOS

45nm RFSOI is demonstrated. A design employing a transformer-coupled LNA with capacitive

neutralization, a D-band vector modulator and VGA results in a phased-array receive channel

with ultra-low-noise figure, very low RMS errors and competitive power consumption, which is

an ideal candidate for large-scale phased-arrays at 140 GHz.

The design performance is compared with other state-of-the-art implementations in

Table 4.4. The design exhibits the first reported D-band beamformer with full integration of the

beamforming functionality at 140 GHz and a NF of 7 dB, along with a very competitive power

consumption.
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Table 4.4: Performance comparison of D-band CMOS receiver

This Work [70] [71] [72] [73] [74]

Technology 45nm CMOS SOI 45nm CMOS SOI 45nm CMOS SOI 28nm CMOS 22nm CMOS SOI 45nm CMOS SOI

Integration Full RF Beamforming FE+IF FE + Zero-IF FE + Zero-IF FE+Zero-IF Mixer + Zero-IF

RF Freq. (GHz) 132-142 137-151 140 102-128 135 150

Gain (dB) 19.2 26.5 18 36-39 27 23

NF (dB) 6.6-8.2 6.4-7.5 5.5a 8.4-10.1 8.5a 20a

IP1dB (dBm) -16 @136 -28.5 @139 - -35 @115 -30 @135 -

RMS Error (dB) 1-1.5 (132-142) 0.2-0.6 @(9.3-14.3) - - - -

RMS Error (°) < 11 (4-bit) - - - - -

Pdc (mW) 105d 133 125 51c 198 290b

Area (mm2) 1.2e 0.71e 2.97 f 0.89h 1.44h 3.9g

asimulated, bTRX, cno LO chain, dmax Pdc, ecore area, f RX die area, gTRX die area, hdie area
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Chapter 5

Conclusion and Future Work

5.1 Dissertation Summary

Phase array development and deployment for large arrays with high effective isotropic

radiated power (EIRP) has only been commercially feasible due to the advancements in sil-

icon technologies. Particularly, developments in beamformer chips in various silicon-based

technologies (SiGe, SOI) have enabled the commercialization of phased arrays for 5G wireless

communications, satellite communications (SATCOM) and > 100 GHz communication links.

This dissertation presented a multitude of circuit level advancements in phase change ma-

terial, SiGe BiCMOS and SOI processes for the design and implementation of high performance

beamformer channels that can then be utilized for the design of large phase arrays form DC to

140 GHz.

In chapter 2, an advanced PCM switch integrated in the BEOL of a commericially available

SiGe BiCMOS process is utilized for the design of ultra-wideband multi-throw switches. The

PCM switches are then used for the design on a state-of-the-art TTD block that can be used for

extremely wideband instantaneous bandwidth applications. To the authors knowledge, this chip

illustrates the largest relative group delay presented on an IC.
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In chapter 3, A standard SiGe BiCMOS process (GF8HP), is utilized for the design of a

19-22 GHz high linearity beamformer channel with > 8 dBm OPsat , > 0 dBm IIP3, a NF of 7 dB

and 5-bit of phase and gain control leading to a very high dynamic range performance. The chip

is also implemented as flip-chip and its measured performance is retained.

Finally, in chapter 4 a 132-142 GHz Rx beamformer channel with 4-bit of phase and 3-bit

of gain control is presented. In this design, a full RF integration of the beamforming functionality

at D-band is illustrated, leading to another potential candidate for the implementation of D-band

phased-arrays. To the authors knowledge, this is the first D-band beamformer with integration of

the phase shifter and VGA at 140 GHz and a 7 dB NF.

All presented beamformer chips, illustrate significant advancements in various perfor-

mance aspects and can be utilized for the implementation of high performance phased arrays.

5.2 Future Work

The presented beamformer implementations presented in this dissertation may be ex-

panded and improved in several aspects, in future work:

1) For the phase change material switches and the true time delay unit presented in section

2, the biggest step towards making this technology readily available for a multitude of applications

is the integration of the control circuits needed for the switch actuation on chip. This will allow

for the design of even more complex systems on chip using the switch. If this advancement

is made, then the presented TTD unit can then be accompanied by an LNA, VGA and other

front-end components using the SiGe BiCMOS front end offered by Tower Semiconductor

SBC18H3 process, for the design of a cutting-edge beamformer that would achieve tremendous

instantaneous bandwidths. One potential improvement on the TTD unit itself, is with regard to its

RMS gain error performance, that is deteriorating versus frequency due to the transmission line

loss dominating the overall loss. One potential solution to this issue is the intentional intriduction
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of los in the reference signal path in order to maintain a competitive RMS gain error even if the

loss of the long transmission lines increases.

2) For the K-band common-leg Rx/Tx channel presented in section 3, there are several

aspects of the performance that can be improved. The noise figure of the channel can be reduced

by 1-1.5 dB if the LNA implementation is single ended and then a balun is used directly after the

LNA to proceed to the differential phase shifters and attenuators. Another potential improvement

is with regard to the RMS gain error performance. In a re-design effort should be made so that

the small phase shifter cells gain discrepancy is smaller and then the RMS phase erro of the

beamformer can be improved by 0.25 dB.

3) For the full RF beamformer at D-band that is presented in section 4, several improve-

ments can be made in the design. First of the integration of SPI control will significantly reduce

the number of pads needed for its control that will directly translate to the reduction of the chip

area, a key aspect for the utilization of the chip in actual phased array applications where the

actual size of the beamformer may be limiting in the positioning of the elements at λ

2 distance

apart. Other configurations can also be examined, for example passive phase shifters at 140 GHz

may be feasible given the extremely high Q that the process offers even at 140 GHz. This would

reduce the overall power consumption in half, and the drop in gain can be compensated using

another amplifier at D-band.
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