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Low-power millimeter-wave (mm-wave) transceivers are of interest for achieving energy-
efficient high data rate short-reach wireless and guided-wave links.

Spatial modulation or space-shift keying (SSK) can provide energy efficiency im-
provements by using antenna-switching or transmission direction switching for data
modulation. Such links are particularly attractive at millimeter-wave frequencies due
to small physical antenna size and large available bandwidths at mm-wave. SSK links
are particularly suitable for slowly-varying channels and have potential applications on
mm-wave wireless links within server chassis. A low-power pulsed two-element mm-
wave transmitter (TX) is demonstrated that maintains energy-efficiency while enabling
spatial modulation. A pulsed mm-wave digitally-controlled oscillator (DCO) provides
low-power pulsed frequency-shift keying (FSK) capability, while variable DCO trigger
pulse delay achieves controlled relative phase shift between TX elements for low-power
space-shift keying (SSK). A two-element FSK/SSK 65nm CMOS TX prototype is pack-
aged with PCB antennas to demonstrate a 2-FSK/4-SSK 3Gb/s TX with 21.4mW power
consumption, achieving ~7.1pJ/bit. Two different implementations of two-element
mm-wave FSK-SSK receiver (RX) are presented using 65nm CMOS that concurrently
demodulate FSK and SSK, with series-FSK-SSK and parallel-FSK-SSK configurations.



SSK demodulation is achieved using relative outputs of a two-element quadrature hy-
brid to detect angle of incidence. The 65nm CMOS 68GHz 2-element RX prototype is
packaged with aperture-coupled PCB antennas to demonstrate >2Gb/s data rates while
consuming <30mW across both elements. The first end-to-end CMOS FSK-SSK link
using CMOS TX and RX is demonstrated with 2Gb/s data transfer across ~6cm in a
reflective channel.

Guided mm-wave links over metal wire waveguides have been proposed and promise
another direction for achieving energy-efficient high data rate links. The low loss and
wide dispersion-flat bandwidth of Sommerfeld-wave propagation on a single conduc-
tor wire (SCW) and TEM-wave propagation on a two-metal-wire (TMW) make such
guided mm-wave electrical links promising. The first fully-integrated end-to-end low-
power wireline transceiver system on a SCW using Sommerfeld-wave propagation mode
is demonstrated using a 60GHz carrier frequency. Implemented in 65nm CMOS, the
proposed system includes on-chip radial-mode antennas as well as integrated serial-
izer, 60GHz OOK modulator, demodulator, deserializer and clocking. The link achieves
7Gb/s data rate across 20cm of 26AWG bare copper wire (diameter = 0.4mm), while
consuming 70.9mW of power. Operating at 6Gb/s and 7Gb/s, this demonstration achieves
BER < 107!2 and 1075 respectively. The two-metal-wire waveguide also has the low
loss that are measured to be ~0.2dB/cm at 60GHz and relative flat group delays. A
60GHz continuous-phase frequency shift keying (CPFSK) transceiver is implemented
in 65nm CMOS as a prototype to potentially enable energy efficient high data rates

guided mm-wave links over two-metal-wire and multi-lane two-metal-wire waveguides.
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Chapter 1: Introduction

1.1 Overview

Data rates in both wireless and wireline communication links are rapidly increasing
every year for accommodating large data throughput required by emerging applica-
tions such as Internet of things (IoT) [8], 5G [9] and Cloud Al [10]. Improving the
energy-efficiency of such links is of great interest to reduce or at least maintain over-
all power consumption with increasing data rates, especially for communication units
battery-powered. Communication links utilizing mm-wave frequencies are particularly
attractive for achieving high data rates because of the large available bandwidths at
mm-wave and the small physical size of multiple-antennas systems at mm-wave en-
abling multiple-input multiple-output (MIMO) systems [11, 12]. Wireless communica-
tion standards such as 802.11ad [13], 802.11ay [14,15] and 5G [9, 16] all use mm-wave
frequency bands for achieving multi-Gb/s data rates. This research is focused on im-
proving energy efficiency of scalable, reconfigurable, short-range, multi-Gb/s mm-wave
communication links. Given communication links consist of the transceiver and the
channel, this research focuses on both improving energy efficiency with improved mod-
ulation schemes and techniques for low-power mm-wave transceiver design. The other
part of this research focuses on potential low-loss and dispersion-flat channels that can
further improve link energy efficiency.

Given large bandwidths, energy-efficient mm-wave links can use simple modulation
schemes to achieve high data rates enabling low-power non-coherent detection and low-
power transceiver design with simple architectures. On-off-keying (OOK) links at mm-
wave have been proposed to achieve energy-efficient short-range applications [17-20].
OOK links are susceptible to multipath and interferers. Frequency-shift keying (FSK)
links can provide improved robustness to multipath and interferers but at the cost of

higher consumption compared to OOK [21]. Non-coherent demodulation of FSK at



mm-wave [22] has been proposed to reduce power consumption of FSK links. Pulse-
based links at mm-wave [23,24] further improve energy efficiency for scalable data rates
since the links only consume power when data is being transmitted. Spatial modulation
or space shift keying (SSK) is a transmission technique [2] achieved by mapping infor-
mation bits to specific antennas or by mapping information bits to specific transmission
directions. SSK can be combined with other simple modulation schemes such as FSK
to further improve energy efficiency by take advantage of spatial multiplexing and are
particularly well-suited for communication in slowly-varying channels.

Wireless links at mm-wave or even sub-mm-wave has significant free-space path
loss. Guided mm-wave links have been proposed to provide a weakly-guided mm-wave
channel in free space or dielectric with lower loss compare to wireless channels. mm-
Wave links have been demonstrated over polymer waveguide channels [22,25]. Single
conductor wire has been used as a low loss and dispersion free channel for THz pulse
transmission [26]. Air-spaced two-metal-wire waveguide have been observed to es-
sentially support undistorted transmission of 1.8ps electrical pulses over propagation
distances up to 200 cm [27]. Conventional electrical links at high frequencies have high
channel loss and high group-delay that are increasing with channel length. Therefore
the equalization required to achieve high date rates is challenging to design while main-
taining good overall link energy efficiency, especially for 10cm to meter scale links.
Optical interconnects have low channel-loss even for long distances. But optical links
suffer from poor laser energy efficiency and the need for precision physical packaging.
Guided mm-wave electrical links are potential solutions for achieving energy efficiency
links in the gap between conventional electrical and optical links. Guided mm-wave
links over single-metal-wire and multi-metal-wire waveguides are particularly promis-
ing due to low loss and especially large flat dispersion bandwidth of these waveguides.
Building fully-integrated low power transceivers that can efficiently couple mm-wave
signals from the IC to TM/TEM propagation modes on metal-wire waveguides are of

great interest and critical for building energy-efficient guide mm-wave links.



1.2 Organization

Chapter 2 introduces the concept of placing mm-wave wireless links within server chas-
sis. The channel inside a server chassis is multi-path rich and relative static or slowly
varying. mm-Wave channel measurements and channel analysis within server chas-
sis are shown in this chapter. Such measurements and analysis enable energy-efficient
multi-Gb/s mm-wave FSK-SSK link within server chassis.

Chapter 3 presents a two-element 68 GHz FSK-SSK transmitter (TX) prototype im-
plemented in 65nm CMOS. A pulsed mm-wave digitally-controlled oscillator (DCO)
provides low-power FSK capability, while variable pulse trigger delay achieves con-
trolled relative phase-shift between TX elements for low-power space-shift keying (SSK).

Chapter 4 describes two CMOS implementations of low-power two-element FSK-
SSK receiver (RX) with series-FSK-SSK and parallel-FSK-SSK configurations. TX-RX
end-to-end measurements in reflective channel are described. The first SSK-FSK link in
CMOS and the feasibility of using SSK improving energy efficiency are demonstrated.

Chapter 5 presents the first demonstration of a mm-wave data link using Sommerfeld-
wave propagation on a single conductor wire using a fully-integrated end-to-end proto-
type implemented in 65nm CMOS. The feasibility of energy-efficient high data rate
links over low-loss and low-dispersion metal wire waveguide is demonstrated.

Chapter 6 describes the design and measurements of a 60GHz continuous phase
frequency shift keying (CPFSK) transceiver proposed for guided mm-wave links over
multi-lane two-metal-wire waveguide.

Chapter 7 concludes the research of low-power mm-wave transceiver design for
short-range wireless and guided mm-wave links and ends with a brief discussion of

potential future work.



Chapter 2: Millimeter-Wave Channel Analysis in Enclosed Server Chassis

Placing wireless links within server chassis is of interest to provide a re-configurable
communication path between different server boards for short-range data links as well as
establish a control infrastructure for low data-rate management and monitoring (Fig. 2.1).
The mm-wave channel within server chassis is multipath-rich due to the reflections from
both the metal enclosure and the dense micro-server boards installed inside. Such a
channel is also relatively static or slowly-varying because both server boards and the

proposed mm-wave transceiver are physically fixed within the server chassis.

Multi-element
TX Signal
Processing

-
—>

.D_
—

Multi-element
RX Signal
Processing

-

Multipath-Rich Cr}?nnel

Figure 2.1: System overview of low-power mm-wave wireless interconnect within en-
closed platforms using spatial modulation/space-shift keying (SSK).

In order to take advantage of the slowly-varying feature as well as to be compatible

with the multipath-rich environment, understanding the channel within enclosed server



chassis is essential for building wireless links. mm-Wave channel measurements are
performed at around 56 GHz using the connectorized bowtie and patch antennas devel-
oped and fabricated on Rogers laminates using lithography at an in-house cleanroom
(Fig. 2.2). Fig. 2.3 shows the server chassis provided by Intel and a custom-fabricated

metal cover with slots enabling mm-wave channel measurements within server chassis.

Figure 2.2: Broadband 56-62GHz bowtie and 55-57GHz patch antennas fabricated on
Rogers substrate and connectorized with V-band end launches; Simulated radiation pat-
tern of the bowtie antenna.

With the custom test setup developed for in-situ channel measurements, the path loss
of both line-of-sight (LOS) and non-line-of-sight (NLOS) links across different TX-RX
separations and different antenna inserted depths. Fig. 2.4 shows the measured channel
frequency response with 80mm TX-RX separation and different insertion depths for
three different scenarios: No server boards installed in Scenario 1 (LOS), server boards
installed between TX and RX in Scenario 2 (special-LOS) and Scenario 3 (NLOS). With
server boards fully populated, 1cm head room is existing between the top of microserver
boards and the metal cover. Scenario 2 is the case where TX and RX antennas are
inserted Smm into the chassis utilizing such headroom to create a special-LOS channel.

The measured path loss in dB is fitted as a function of distance d (unit: mm) and given
by [1]

PLLOS,Scenariol(d> =29.6 4+ 1.66 x 10l0910d
PLNLOS,Scenario3(d) = 57.6 4+ 0.096 x ].0[0910d (21)
PLSpecial—LOS,Scenario?(d) =28.1+1.49 x 10[0910d



Figure 2.3: Microserver chassis provided by Intel and custom-fabricated metal cover
with slots for inserting connectorized antennas to evaluate millimeter-wave channel in-
side enclosed server chassis. Courtesy of [1].

Fig. 2.5 shows the measured RMS delay spread for special-LOS and NLOS cases.
NLOS links show RMS delay spread of 32ns @ 50% CDF (200ns @ 90% CDF) with
path loss > 55dB, indicating a challenging environment for low-power high-speed links.
A modified chassis with 10mm headroom between the top of the boards and chassis
cover can enable a special-LOS channel with 35dB loss and RMS delay spread of 14ns
@ 50% CDF (20ns @ 90% CDF) [1].

We propose the modulation using the spatial dimension in such slowly-varying chan-
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& 3. Courtesy of [1].

nels to improve the energy efficiency. As shown in Fig. 2.6, multiple antennas in the

TX launch signals into different transmission directions based on baseband data. The

transmission direction is a spatial parameter and the transmission-direction switching
technique is equivalent to space-shift keying (SSK). The corresponding RX needs to
detect incident signal direction by looking at the relative strength and phase of signals

at different antennas to demodulate SSK signals. Fig. 2.7 shows a SSK receiver scheme
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Figure 2.5: Measured RMS Delay Spread (RDS) in Scenarios 2 and 3. Courtesy of [1].

utilizing Butler matrix as SSK demodulator. The received signals coming from different
TX antennas has different phase information at RX/ and RX2. Such phase information
is directly related to the spatial parameters of the TX and RX antennas. Using the Butler
matrix which provide 0° relative phase shift from RX/-to-Outl and RX2-to-Out2, and
(m — ¢) phase shift from RX/-to-Out2 and RX2-to-Outl, Outl only detects signal come
from TX2 and Out2 only shows signal come from TX1.

Consider a MIMO system with 2-element TX and 2-element RX within enclosed
server chassis (Fig. 2.8) and the 2-element TX capable of radiating into four different
directions 61, 65, —65 and 0, based on baseband data. Also, assume the TXs are pulsed
with 25% duty-cycle and 250ps ON time to wait for the echoes became weaker before
the transmission of the next symbol. The received time-domain waveforms at RX/ can

be expressed as

A P(ZthLOS ! A xT* Pathy, ref,k
U D= — " Upv(t — T Upy(t — 2 OPTELE
RXl( ) PathLOS TX( Z Pathtoprefk TX( c )
4
A x Fk Pathbat ref,k
U t_ T
Z Pathbot sref.k TX( c )

(2.2)
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Figure 2.6: Space-shift keying transceiver approach for low-power mm-wave links in a
slowly-varying channel.
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Figure 2.7: SSK receiver scheme utilizing Butler matrix based spatial filter for spatial

modulation detection [2, 3].

where c is the speed of light in air, I" is the reflection loss, A is constant and Pathos
is the distance of LOS path. Pathip refr and Pathg, por i are the distances of NLOS

path with k times reflections starting from top metal reflector and bottom metal reflector

respectively. The reflection loss is assumed to be independent of incident angles and

polarization. The TX and RX antennas are also assumed to be radiating equally in all
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directions. Only echoes corresponding to four times reflections are considered here. The
time-domain waveforms at RX2 can also be expressed by Eq. 2.2 with all the Pathog,
Pathiop res i and Pathye vy, slightly different (Fig. 2.8). Once the TX/RX antennas
and the server chassis enclosure are physically fixed, the magnitudes and the delays
of the signals and the echoes are merely determined by the spatial parameters of the
channel, such as TX/RX antenna separation, the choices of SSK directions, TX-RX
separation, the dimension of the server chassis and locations of the TX/RX antennas

within server chassis.

Beam Steering (SSK)

N|E

T
|
I3
|
4

N

R »
Figure 2.8: Channel analysis for 2-element TX and 2-element RX MIMO system in
enclosed server chassis.

Fig. 2.9 shows the simulated time domain waveforms at RX/ and RX2 based on 2.2
for D=5mm, R=50cm, W=15cm,A=0cm,I'=0.5 and SSK directions A¢=+0.67,4+1.27.
The Ins symbol duration can be divided into four 250ps-windows, leading to 8 such
windows across RX/ and RX2. The relative signal strength in each 250ps-window is
only determined by the spatial parameters or the signatures/fingerprints of the channel.
It is possible to detect four SSK directions with a minimum Hamming distance of 2
only using two RXs. Making the locations of TX/RX antennas less symmetrical can

potentially improve the SSK modulation depth supported by the channel.
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Figure 2.9: Simulated time domain waveforms of RX/ and RX2 in Fig. 2.8 with 4-SSK
in enclosed platforms.
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Chapter 3: A Low-Power FSK/Spatial Modulation Transmitter for

mm-Wave Wireless Links

3.1 Introduction to Energy-Efficient Spatial Modulation TX

The small physical size of integrated mm-wave wireless links make them attractive for
energy-efficient Gb/s wireless links with ~10 cm to 50 cm range. Links with low-
complexity OOK [18]/FSK modulation [21] as well as coherent QPSK modulation [28]
have been proposed. The wide available bandwidth at mm-wave and the absence of
PLLs makes OOK/FSK attractive for energy efficiency. In addition, pulse-based trans-
mitters (TX) with duty-cycling can be used to lower TX power consumption (Fig.
3.1(a)). This can also be considered in terms of transmitter efficiency 7 and the tar-
geted radiated power (Fig. 3.1(b)). Spatial modulation offers further improvements in
energy efficiency over a single-element TX in slow-varying channels by using multiple
antennas to encode information in addition to OOK/FSK/PSK constellations [2].
Spatial modulation or space shift keying (SSK) can be achieved by mapping bits
to specific antennas (Fig. 3.1(c)) or by mapping bits to specific transmission directions
using TX arrays, particularly if the RX has multiple antennas that provide TX-RX direc-
tion discrimination (Fig. 3.1(d,e)). In the first case, adding SSK modulation increases
the number of bits in each TX symbol without increasing power consumption, leading
to lowered TX energy/bit (E/b). However, the phased-array approach in (Fig. 3.1(d,e))
is desirable since effective isotropic radiated power (EIRP) for given DC power is im-
proved by the array, leading to further decrease in energy/bit (E/b). In addition, the
array approach allows higher-order SSK even with two antennas. Fig. 3.1 shows the
improved E/b by adding SSK to FSK TX. It can also be shown that RX E/b, even in the
two-element RX case, is marginally better with 4-SSK leading to overall improved E/b.
Notably, such SSK links are well suited for board-to-board communication in reflec-

tive computing chassis where channels are slow-varying and contain transmit-direction



dependent multi-path components [1].
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Figure 3.1: Low-power mm-wave TX with spatial modulation/space-shift keying (SSK)
added to pulsed-FSK for higher energy efficiency.

Pulsed-FSK signals can be generated efficiently by duty-cycling a PA following
a always-ON digitally-controller oscillator (DCO) or by directly duty-cycling a DCO
(Fig. 3.2). Achieving pulsed operation with the PA at Gb/s data rates is challenging. We
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proposed to use a pulsed DCO directly driving the antenna to generating the pulsed-FSK
signals. This can not only avoid the challenging design of duty-cycling PA as well as
decrease the power consumption of the DCO and eliminate the energy inefficient PA
from TX. In addition, SSK as described in Fig. 3.1(d,e) requires variable phase shift in
each TX element (Fig. 3.3(a)). Active phase shifters consume significant power rela-
tive to the duty-cycled DCO, particularly since duty-cycling active phase shifters with
<300 ps settling times is unfeasible. Passive phase shifters do not consume power but
result in >5 dB insertion loss at mm-wave leading to poorer E/b for a given TX EIRP.
As shown in Fig. 3.3(b), the relative delay between trigger signals to pulsed-DCOs
can be used to control the starting phase difference between DCOs and thus achieve
low-power phased-array operation [28]. A key challenge of such approach is the phase
between the oscillators lose coherence due to noise across time. However as long as
the DCO is ON for relatively short impulses and is restricted to a few oscillator cycles,
the phase different between the two-element TX can be controlled deterministically by
varying the relative delay of the trigger. In the following section, this approach is used

to demonstrate low-power SSK in a 2-element mm-Wave CMOS TX.

(a) SSK: Antenna Switching

DCO Duty-cycled

EFSK OJ
>

‘ :
FSK o—

Figure 3.2: Architecture of Pulsed FSK Generation: (a) Duty-cycled PA at Gb/s, (b)
Pulsed power DCO.
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Figure 3.3: Phase shift for low-power SSK TX (a) Active/passive RF-path phase shift-
ing, (b) Phase shift by changing trigger delays in pulsed DCO.

3.2 Low-Power FSK-SSK Transmitter Design

The proposed 2-element FSK-SSK TX is shown in Fig. 3.4.
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Figure 3.4: Architecture and schematic of two-element mm-wave pulsed-DCO based
FSK-SSK TX in 65-nm CMOS.

3.2.1 68GHz Pulsed Power DCO Design

Pulsed mm-wave FSK modulated signal is generated using a mm-wave DCO in each
element. The schematic of the DCO is shown in Fig. 3.4. The DCO is implemented as
a cross-coupled oscillator with a custom resonator. Fig. 3.5 shows the custom induc-
tor and cap bank model. The DCO inductor is implemented using the top metal with
3.4um thickness and is optimized to improve the quality factor as much as possible in
around 68GHz. The DCO frequency is controlled by switches in series with metal strips
placed under the DCO inductor, similar to [29,30]. A small section of CPWG is also
included in the EM simulation. Fig. 3.6 shows the simulated frequency tuning curve and
output power at the differential 1002 antenna. Measurements showed 10% higher fre-
quency than simulation, with measured 4.7-GHz frequency tuning range from 66 GHz
to 70.7 GHz with 290-MHz frequency resolution. Pulsed FSK operation is achieved
by duty-cycling the DCO bias while changing resonator frequency. A mm-wave PA
following the DCO cannot be duty-cycled at Gb/s data rates and an always-enabled am-
plifier dominates power consumption degrading energy efficiency. Therefore, as shown
in Fig. 3.4, on-chip transmission lines (7' and 7T'L5) match the 400-¢2 DCO impedance
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directly to 100-€2 at the output of each element. The DCO provides 0 dBm output power
to the 100-(2 load and consumes ~9 mW from 1 V supply with 50% duty-cycling at
1 Gb/s FSK (~ 500 ps on-time for DCO).

DCO.

8 3 2
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Figure 3.6: Simulated tunning curve and output power of the proposed DCO.

3.2.2 Low-Power Spatial Modulation

Switching between antennas, as described in Fig. 3.1(c), is supported by simply en-
abling suitable DCO in the 2-element TX (Fig. 3.4). However, spatial modulation based
on different TX angles of radiation (Fig. 3.1(d,e)) requires variable phase shift. This is
achieved by controlling the relative delay between the DCO-enable/trigger signals ap-
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Figure 3.7: Schematic of the coarse and fine delay cells and edge combiner pulse gen-
erator.

plied to the DCO in the two elements. As shown in Fig. 3.4, the DCO-enable signal is
applied to enable the bias voltage of the DCO current source following a variable coarse
and fine delay cell. A trigger pulse generated from the same DCO-enable signal using
edge combiner [31] is applied at node X after 80ps delay compare to the DCO-enable
signal. The trigger pulse shorts one side of the resonator to ground and creates signifi-
cant asymmetric current in the LC tank, enabling the kick-startup of the oscillator. The
delay of the clock edge is accomplished using a bank of coarse and fine delay cells.
The resolution of the delay cells need to be small fraction of the 15ps time period of
the DCO output signal. Fine resolution is critical for accurately controlling the phase

shift of the oscillator and the range of the delays need to cover the period of the DCO
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output signal. Fig. 3.7 shows the schematic of the coarse and fine delay cells as well as
the edge combiner pulse generator. The coarse delay is accomplished using capacitive
loading of inverter buffers. Finer delays are achieved using a loaded transmission line
with switchable metal strips. Fig. 3.8 and Fig. 3.9 shows the simulated performance of
the delay cells with equivalent ~10° phase shift resolution and more than 360° phase

shift range.
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Figure 3.8: Simulated phase shift with coarse and fine control provide 360° phase shift
with ~10° resolution.
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Figure 3.9: Simulated DCO trigger pulse at different coarse delay controls.
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Figure 3.10: Simulated DCO startup with 8 ps relative trigger delay for 500ps ON and
250ps ON time.

Fig. 3.10 shows the simulated performance of the DCO startup with a relative time
delay of 8 ps for both 500ps and 250ps on times demonstrating phase coherence between
oscillator output in the two cases. The absence of a PLL implies that phase noise makes
the final phase difference between the two free running DCOs random and time varying.
However, for a DCO @ of 15, the DCOs are coherent for the first few cycles following

bias enable, making the proposed approach suitable for a pulsed scheme with ~500 ps
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on time (~30 cycles). This can be verified by EIRP measurements that depend upon
relative phase shift and coherence between elements.

Incoming data is divided into FSK (1-bit) and SSK (2-bits) modulation paths (Fig.
3.4). The FSK bit drives a multiplexer selecting DCO oscillation frequencies. The
SSK bits control the coarse and fine trigger signal delay (Fig. 3.8) to each DCO with
0.4 ps resolution (Fig. 3.8. Modulation rates are limited by DCO startup and shutdown
with bias control (Fig. 3.8) - faster data rates require higher DCO frequency/power

consumption.

3.2.3 IC Packaging with Off-Chip Antennas and L-C-L Bondwire match-

ing
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Figure 3.11: IC packaging in commercial PCB technology with balanced aperture-
coupled patch antenna.
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This work uses low-cost chip-on-board packaging to connect the mm-wave TX el-
ements to antennas-on-PCB using wire bonds. A commercial FR4-based PCB (ITEQ
180C) with ¢, = 4.0 and dielectric loss tangent of 0.02 at 10 GHz is used with the stack-
up shown in Fig. 3.11. A balanced-fed aperture-coupled patch antenna provides wide-
band performance for differential TX output. The wide-band antenna shows 2.4 dB gain
with 72% efficiency at 68 GHz in simulation. Bondwire inductance parasitics at mm-
wave are addressed by a narrowband bondwire matching network, similar to [32]. A
second series wire bond on the PCB creates an L-C-L matching network from the IC
to the antenna (Fig. 3.12), with stand-alone simulations/measurement indicating ~1 dB
insertion loss for the network and 3.6 dB/cm loss for 100-€2 differential traces on the
PCB.
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Figure 3.12: Bondwire L-C-L matching structures for impedance-matching 100-€2 dif-
ferential IC output to antenna.

IC-antenna co-integration is possible at mm-wave frequencies [33-36] and such ap-
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proach can provide efficient and scalable mm-wave antenna interfaces to avoid the L-C-

L matching structure in the future works.

3.3 Measurement of FSK/SSK TX

Fig. 3.13 shows the die photo of the 1.1 mm? two-element TX IC fabricated in 65nm
CMOS and the photo of IC packaged with the two aperture-coupled antennas spaced
4.4 mm apart.

L-C-L
Matching
4

Aperture uled "
Patch Antenna Feed

Figure 3.13: Two-element mm-wave TX packaged with PCB antennas using chip-on-
board approach with PCB wirebonds for impedance matching.

The 65-nm CMOS FSK/SSK TX was characterized using both probe and package
measurements. Fig. 3.14 shows the measurements setup for both the probe level and
wireless characterizations. PRBS Data and clock from the Arbitrary Waveform gener-
ator is provide to the IC and the mm-wave TX output is measured using a probe and a
horn antenna followed by V-band mixer. A small anechoic corner is created in the lab
to measure the TX output for wireless measurements.

Measured DCO frequency tuning range and EIRP with probe level and with antennas
are shown in Fig. 3.15, demonstrating 4.7-GHz tuning and > 0-dBm EIRP. Importantly
the frequency is only slightly changed by the change in termination from probe to an-
tenna on the DCO output.
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Figure 3.15: Measured DCO frequency tuning curve and TX EIRP across tuning range
with probe and antenna testing.

A mm-wave RX built with COTS components is used for wireless testing of the

TX IC packaged with antennas. Pulsed FSK-DCO operation is measured using the RX
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down-converter demonstrating 1 Gb/s FSK modulation (Fig. 3.16).
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Figure 3.16: Measured time-domain 1Gb/s pulsed-FSK waveform after down-
conversion.

The efficacy of the variable phase shift generation between the two DCOs through
trigger pulse delay is shown in Fig. 3.17 and Fig. 3.18. Single-element and two-element
pattern with no delay shows beam narrowing with two elements (Fig. 3.17). The two-
element pattern shows the impact of the coherent addition and subtraction of signals in
an array demonstrating the functionality of phase shift using the trigger delays. This
beam can be steered as shown in Fig. 3.18 by changing the relative trigger delay.

The phased array operation is also confirmed by measuring the power for a fixed
RX orientation across delay settings. As shown here, the peak-to-null ratio of > 20dB
demonstrates that the phase shift resolution is sufficient to achieve good cancellation of
signals (Fig. 3.19). Hence, for a fixed TX-RX channel, TX direction change can be used
to encode information.

As shown in Fig. 3.20, the plot shows the measured down-converted waveform
using a single fixed antenna as the RX for four different beamsteering angles (one-side).
Such a 3 Gb/s link is achieved over 60-cm TX-RX separation using 4-SSK and 2-FSK
modulation. The TX is compared to state-of-the-art in Fig. 3.21, demonstrating low-

power spatial modulation leading to good energy-efficiency as well as range up to 60
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Figure 3.17: Measured normalized TX pattern with one-element and two-element TX.
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Figure 3.18: Measured mm-wave beamsteering by varying trigger pulse delay at 66GHz
and 70.8GHz.

cm.

3.4 Conclusion to FSK/SSK TX

This chapter demonstrates low-power techniques to combine spatial modulation with
frequency-shift keying in a mm-wave TX to enable energy-efficient short-range 10mm-

wave links. A two-element TX prototype is implemented in 65-nm CMOS and is pack-
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Figure 3.19: Measured peak-to-null ratio across delay for 2-element TX.
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Figure 3.20: Measured 4-SSK eye diagram with 60-cm TX-RX separation.

aged with antennas on PCB, achieving 3 Gb/s data rates with energy efficiency of 7.1
pJ/bit.
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Figure 3.21: Comparison to state of the art low-power mmWave TX
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Chapter 4: Low-Power FSK/Spatial Modulation Receiver for mm-Wave
Wireless Links

4.1 Introduction to Low-Power Spatial Modulation RX

Multi-element (a)
TX Signal T T Trce Nl
Processing d This Work‘

- A
-

RX Signal
Processing

CLEXXY )
td

.

Multi-element \'

Metal Reflector

-

PLLL L LT TS

Metal Reflector X

o N N N R R R N N N N N R N N N R R M M M -

Figure 4.1: System overview of low-power mm-wave wireless interconnect within en-
closed platforms using spatial modulation/space-shift keying (SSK).

The small physical size of multiple-antenna systems at mm-wave and the large avail-
able bandwidths make short-range high-speed mm-wave wireless links attractive. On-
off keying (OOK) links have been proposed at these frequencies to achieve high energy-

efficiency which is critical in short-range applications [18,37]. FSK links can provide
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Figure 4.2: (a) Adding SSK to FSK improves RX and TX energy-efficiency, (b) Block
diagram of low-power mm-wave 2-element TX with combined SSK and FSK [4].

improved robustness to interferers and multipath at the cost of higher power consump-
tion compared to OOK [21,38]. Energy efficiency can be improved by combining FSK
with spatial modulation or space shift keying (SSK) where bits are mapped to directions
in relatively static channels [1,2,4]. In such schemes, SSK is achieved using a multiple
element transmitter (TX) to switch antennas or beam directions based on input data.
SSK demodulation requires a receiver (RX) that can distinguish the angle-of-incidence
(Aol) [2]. Such SSK links are well suited for board-to-board communication in reflec-
tive computing chassis where channels are slow-varying and contain transmit-direction
dependent multi-path components (Fig. 4.1 [4]).

The improvement in TX and RX energy efficiency with SSK is shown in the log, (P)
term in Fig. 4.2 where P is the SSK modulation-depth. Efficient SSK TX must provide
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low-power beam switching/steering without power overhead. Phased-array based beam-
switching increases the effective isotropic radiated power (EIRP) for given array DC
power compared to antenna-switching schemes. A low-power pulsed digital-controlled
oscillator (DCO) phased-array scheme is presented in [4] to achieve beam-switching in
the TX without the overhead of power-hungry phase shifting. In this work, a low-power
two-element 66 GHz - 70GHz FSK-SSK RX is presented that is capable of demodulating
SSK and FSK signals concurrently. The SSK/FSK RX IC is packaged with antennas,
demonstrating 3-Gb/s SSK-FSK link operation up to 40-cm (using horn-antenna based
TX) and 2-Gb/s SSK-FSK link operation up to 6-cm using a 6-dBm EIRP FSK-SSK TX
[39].

4.2 Design of Low-Power mm-Wave Two-Element FSK-SSK Receiver

While a multi-beam output phased array is attractive for the SSK RX since the array
improves SNR, low-power operation is desired for high energy-efficiency. In order to
detect both the SSK and Pulsed FSK signals while maintaining energy efficiency, we
proposed two different architectures for the receiver: Series-FSK-SSK and Parallel-
FSK-SSK. The series-FSK-SSK RX is described in section 4.2.1 and the parallel-FSK-
SSK RX will be described in section 4.2.2.

SSK
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Figure 4.3: SSK demodulation scheme using quadrature coupler.

As shown in Fig. 4.3, the core of SSK demodulation scheme is the quadrature cou-
pler that act as a fixed spatial filter [3]. The phase shift of the IN-to-THRU path and the
ISO-to-COUPLED path are both 90°, while the IN-to-COUPLED path and the ISO-to-
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Figure 4.4: SSK demodulation scheme using 4X4 Butler matrix as spatial filter.

THRU port has 0° phase shift. The signal at the input of each LNA presents a phase
difference directly corresponding to the angle-of-incidence. The signals at the IN and
ISO port has the same phase difference because LNA in each elements are identical to
each other. For one particular angle-of-incidence, the ISO is 90° delayed compare to
the IN port, the signal from ISO-to-COUPLED is at 180° and will completely cancel
out the signal at 0° from IN-to-COUPLED, thus create a null swing at the COUPLED
port. Meanwhile the signals from IN-to-THRU and ISO-to-THRU are in phase and will
constructively add up, thus create a peak swing at the THRU port. For another particular
angle-of-incidence, the ISO is 90° advanced compare to the IN port, the peak swing hap-
pens at the COUPLED port while the THRU port has null swing. The angle-of-incidence
can be demodulated by comparing the signal amplitude at the THRU and COUPLED
port. Such architecture can be extended to N-element SSK RX with N LNAs followed
by a NxN Butler matrix to improve the SSK resolution (Fig. 4.4).
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4.2.1 Architecture of Series-FSK-SSK Receiver

The block diagram and architecture of the proposed two-element series-FSK-SSK RX
are shown in Fig. 4.5. In this architecture, a low-power LNA in each element amplifies

the input signal which is provided to a quadrature coupler (Fig. 4.5) .

Lange
Coupler

Figure 4.5: Architecture and block diagram of two-element mm-wave series-FSK-SSK
RX in 65nm CMOS.

Each of the output ports of the coupler (COUPLED and THRU) in Fig. 4.5 are
provided to an single-stage transformer-feedback buffer which drives two passive 4-
order bandpass-bandstop filters BPF-fH and BPF-fL. The transfer function of BPF-fH
provides a pass at frequency fp;g, and provides a notch at frequency fro,. And vise
versa BPF-fLL provides a pass at frequency fr,, and a notch at frequency frign. As
shown in Fig 4.5, the FSK demodulation is achieved by comparing the relative outputs
of OUT1 and OUT?2 or the relative outputs of OUT'3 and OUT4. while the SSK
demodulation is by comparing the relative outputs of OUT'1 and OUT'3 or the relative
outputs of OUT2 and OUT4. Overall the four passive bandpass-bandstop filters and
envelope detectors achieves low-power non-coherent series-FSK-SSK detection. In the
section 4.2.3, 4.2.4, 4.2.5 and 4.2.6, the design of each low-power series-FSK-SSK RX
building block is described in details.
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4.2.2 Architecture of Parallel-FSK-SSK Receiver

The block diagram and architecture of the proposed two-element parallel-FSK-SSK RX
are shown in Fig. 4.6. The paralle]-FSK-SSK and series-FSK-SSK have the same low-
power LNA in each element for amplifying the input signal and the same quadrature
coupler that acts as a fixed spatial filter (Fig. 4.6) [3]. Each of the coupler output ports
(P1 and P2) in Fig. 4.6 are provided to both an envelope detector (ED) and an FSK
demodulator. The FSK demodulator in each spatial path detects the transmit frequency
while the signal Angle-of-Incidence can be determined by the relative outputs of SSK1
and S'SK?2, providing SSK demodulation. The SSK and FSK demodulation in parallel-
FSK-SSK RX are operating in parallel. The FSK demodulator in parallel configuration
consumes more power but provides better detection gain and better frequencies tun-
ability for compensating process variations when comparing to the series configuration.
The SSK demodulator in parallel configuration has higher input power level since no
bandpass-bandstop filter is inserted before the ED and also better conversion gain due to
the higher input power. In the following sections 4.2.3, 4.2.4,4.2.5 and 4.2.7, the design
of each low-power parallel-FSK-SSK RX building block is detailed.
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i
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Figure 4.6: Architecture and bloc
SSK RX in 65-nm CMOS.

3

diagram of two-element mm-wave parallel-FSK-



35

4.2.3 Low-Power 68-GHz 6-Stage Transformer-Feedback LNA
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Figure 4.7: Comparison of drain-gate transformer feedback for LNA neutralization.

TLIN

The LNA must simultaneously achieve low-power operation and high-gain for in-
creasing link range, particularly since a low-power integrated SSK-FSK TX is assumed.
We propose to use single-ended multiple stages of common-source LNA operating under
low supply voltage 0.8V for achieving high gain with low power consumption. Drain-
gate transformer feedback technique is used for LNA neutralization in order to improve
maximum available gain each stage as well as reverse isolation. Fig. 4.7 shows three
different drain-gate transformer feedback techniques. Fig. 4.7(a) use a 1:1 transformer
as inter-stage matching network and the signal at the secondary of the transformer is
feedback to the gate using a feedback capacitor with the advantage of combining the
feedback mechanism within the interstate matching network [40]. The feedback ca-
pacitor is difficult to model and sensitive to unwanted signal coupling along the long
feedback path. Fig. 4.7(c) implemented the secondary of the drain-gate feedback trans-
former as series inductor at the gate. This avoid the need of any feedback capacitor but
create design challenges in optimizing the feedback strength as well as in layout place-
ment [40]. In Fig. 4.7(b), the drain signal is picked up with low-K inverting transformer
and feedback into gate with a feedback capacitor. The weakly coupling using low-K
transformer avoids loading the drain inductor which can be optimized with best quality

factor within the operating frequencies. Fig. 4.8 shows the EM model of the drain-gate
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transformer with MOM capacitor as well as the guard ring used in the EM simulation.

This drain-gate feedback technique also has the benefits of easy layout placement.

e-embed the return pa
ductance of guard rin

— [ Supply
GND .

MOM|cap

Gate Drain

Figure 4.8: EM model of the drain-gate feedback transformer with MOM feedback
capacitor.
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Figure 4.9: Schematic of the 6-stage transformer-feedback LNA in the proposed two-
element mm-wave FSK-SSK RX in 65-nm CMOS.
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Figure 4.10: Simulated gain and noise figure of the proposed 6-stage drain-gate trans-
former feedback LNA in 65nm CMOS.

The schematic of the transformer-feedback 6-stage LNA with the input and output
matching network is shown in Fig. 4.9. As mentioned earlier, Transformer 7} couples
the output back to the gate through capacitor C'r, effectively neutralizing C;p of tran-
sistor M; and improving Gmax by 2.8dB at 70GHz and by 1.6dB at 62GHz for 2mA
bias per stage. The transformer is implemented in a 3.4-um thick top metal layer and
feedback capacitor implemented using both 0.9-um and 3.4-pm metal layers. The pro-
posed approach leads to 27.3-dB simulated LNA-gain with 9.6-mW power consumption
from a 0.8-V supply. The LNA output is matched to 50-(2 using a series capacitor and
a shunt capacitor to drive the coupler. A laser-trim based test-point is included to mea-
sure standalone LNA gain. Fig. 4.10 shows the simulated performance of the 6-stage
transformer feedback LNA. We design the LNA at 62GHz, assuming the frequency will
go up by 10% based on the measurements result of an previous prototype IC. The simu-
lated noise figure of the LNA is 10.5dB due to the lack of optimization in the LNA input
matching network. The input matching network and EM simulation of the drain-gate
feedback transformer needs to be carefully re-optimized in order to improve the LNA

performance for possible re-use in other low power mm-wave transceiver design.
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4.2.4 Compact 68-GHz Quadrature-Hybrid Coupler

A compact Lange quadrature coupler is implemented using edge-coupled lines, imple-
mented in the 3.4-ym and 0.9-pum thick top two metal layers (Fig. 4.11. The simu-
lated performance of the quadrature coupler is summarized in Fig. 4.12.The 50-(2 cou-
pler only occupies 380umx50um and achieves 3.7-dB insertion loss at 67GHz for IN-
THRU, IN-CPL, ISO-THRU, ISO-CPL. The phase difference between THRU and CPL
is 88° and THRU and CPL-port amplitude mismatch is < 4+0.5dB from 61 GHz to
80 GHz. The isolation between IN and ISO is -16dB. The area of the compact quadra-

ture coupler can be further reduced with meandering.

| |

“%‘1

CPLO— )
: TRU;
l ISO:
LINO————————> :

Figure 4.11: EM model and schematic of the compact broadband 68 GHz Lange Coupler.

4.2.5 SSK Demodulation and Design of Envelope Detector

The proposed scheme of SSK demodulation requires the detection of the signal mag-
nitude at each quadrature coupler output. Thus an envelope detector (ED) can be im-
plemented as the core block of low-power SSK demodulation. Such ED needs to have
high conversion gain with low-power operation and short settling time enabling support
for multi-Gb/s SSK detection. Envelope detector typically consists of a rectifier [41-44]
followed with a low pass filter. Fig. 4.13 shows the schematic of two different envelope
detectors that can be used for low-power SSK detection. A differential ED ( [5,37]) is

selected to avoid sensitivity to supply and ground bounce which requires an input balun
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Figure 4.12: Simulated performance of the compact broadband Lange Coupler (Port1:
IN, Port2: THRU, Port3: ISO, Port4: Coupled).

to translate the single-ended coupler output to differential signals. A drain-connected
nmos pair is acted as the rectifier and gain-boosting load improve the conversion gain.
The differential RF signal is applied to gate only in Fig. 4.13(a) and both gate and source
in Fig. 4.13(b). With twice the input swing, the ED in Fig. 4.13(b) has better conversion
gain but poorer quality factor of the input impedance due to the source degeneration
inductor. In Series-FSK-SSK RX, the input impedance of ED will load the preceding
bandpass-bandstop filter and in parallel-FSK-SSK RX, the input impedance of ED will
reduce the gain the preceding buffer. Thus the ED in Fig. 4.13(a) is used in our design.
The ED consumes 1.9mA and provides a responsivity of ~ 0.33 V/Vpg_ py for small
mm-wave input at the ED. The pre-buffer driving the ED consumes 1.2mA. Fig. 4.14

shows the transit simulation of the ED with different input swing at the gate. The sim-
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ulation also shows the ED can settle down within 100ps and enabling multi-Gb/s SSK
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Figure 4.13: Schematic of the envelope detector used for low-power SSK detection [5].

4.2.6 Bandpass-Bandstop Filter for Series-FSK-SSK RX

Fig. 4.15 shows the schematic of the bandpass-bandstop filter used for FSK demodu-
lation in the series-FSK-SSK RX. Each bandpass-bandstop filter consist of a series LC
tank and a shunt LC tank. For a LC tank with quality factor Q, the impedance Z;,,,; can
be expressed as
| Zian |= e @)
V1+ Q% (1 —w2LC)?

The voltage gain of the bandpass-bandstop filter is

wLl2Q2
Vout V1H+Q3(1-w?L2Ca)?
VA - wLi1Q1 wl2Q2
m 2(1_.,2 2 21,2 2
V1+Q3(1-w2L1Cy) V1+Q3(1-w2LyCy)

4.2)

The series LC tank is resonate at w; and the shunt LC tank is resonate at w,. The voltage
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Figure 4.14: Simulated performance of the proposed envelope detector in 65nm CMOS.

gain of the bandpass-bandstop filter at the two resonate frequencies can be expressed as

Vout | _ w1 LaQ
Vi ' wlLlQl\/l + Q3(1 — wiLyCs)? + w1 L@ 4.3)
Vout waLo(Q)2 ’

_out |w —
Vin woL1Q1//14 Q31 — wiLiCh)? + w2 LrQo

Assume the quality factors of both LC tanks are 15, and the two frequencies used in the
FSK modulation is w; =66GHz and wy, =70.5GHz. The terms o = \/1 + Q3(1 — W? LyCy)?
and oy = /1 + Q3(1 — w3L,C))? are 2.1, 2,3 respectively and is increasing with bet-

ter quality factor or wide frequency separation. Such two terms «; and a is directly
related to the peak-to-null ratio of the bandpass-bandstop filter. Overall the series LC

tank create a null at frequency w; and the shunt LC tank create a peak at frequency ws.
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Figure 4.15: Schematic of the bandpass-bandstop filter used for FSK detection in Series-

AC Response: dB20(RF1+), dB20(RF1-),

FSK-SSK RX.
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Figure 4.16: Simulated frequency response of the bandpass-bandstop filter.

The peak-to-null ratio and the passband gain can be approximately as

Peak-to-Null ratio ~

Passband Gain ~

Ry + o Ry

R2 +R1/0z2

Ry

R2 +R1/0z2

4.4)
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Improving the quality factor and increasing the frequency separation can improve both
the peak-to-null ratio and passband gain. Increasing the ratio of R;/R, improve the
peak-to-null-ratio but making the passband gain worse. As showed in Fig. 4.15, the
inductor L, is coupled to the secondary inductor with switchable return path to ground
ring and loaded with custom switchable cap bank, in order to make the equivalent L
tunable. (5 is also tunable. The input impedance of the envelope detector is lumped into
the shunt LC tank design. The bandpass-bandstop filter is optimized to get better peak-
to-null ratio with compromise in passband gain. The tunability of the filter is limited due
to the requirement of high Q for better peak-to-null ratio and passband gain. Fig. 4.16
shows the simulated frequency response of the two bandpass-bandstop filters used in
the series-FSK-SSK RX. The filter have ~12dB peak-to-null ratio and ~10dB loss with
two FSK frequencies at 66GHz and 70.5GHz.

4.2 7 FSK Demodulator for Parallel-FSK-SSK RX

The FSK demodulator/discriminator in parallel-FSK-SSK RX consists of a transformer-
based power splitter that divides the input signals into two paths, with one path goes
through a frequency-dependent phase shifter (Fig. 4.17). The other path directly goes to
the input of a phase detector. Such phase detector translates the relative phase difference
between the two paths to a voltage output, achieving frequency discrimination. The
frequency-dependent phase shift is accomplished using a LC' resonator whose center

frequency can be tuned through static switches. The phase shift of the LC resonator is

R
O (Zyank) = arctan L}—Z(l — wQLC)] 45)

= arctan [Q(1 — w?LC)]

A programmable negative resistance cell provides higher resonator-() [45-49] and hence
increased phase variation across frequency when enabled.
Fig. 4.17 also shows the schematic of the phase detector. The PD is implemented

based on a Gilbert-cell like mixer with tunable current bleeding to improve the conver-
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Figure 4.17: Schematic of the phase detector and the FSK demodulator used in Parallel-

FSK-SSK RX.

ED
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Figure 4.18: Schematic of the matching network and buffer between quadrature coupler

and Parallel-FSK-SSK Demodulators.

sion gain while maintain the hard switch of the switch-quad. A shunt trap inductor is

tapped to the source of the switch-quad also for improving conversion gain. The bleed



45

current is applied into the center-tap of the shunt trap inductor. Fig. 4.18 shows the
schematic of the single cascode stage buffer preceding the FSK demodulator and SSK
demodulator. The primary side of the transformer-based power splitter and the balun
used in the FSK and SSK demodulator also acted as the load inductor of the preceding
buffer stage. The input of two buffers are together matched to 50€2 and connected to
each of the quadrature coupler output. The demodulator including pre-buffer consumes
4.45 mA (3.96 mA) with the negative gm-cell enabled/disabled.

4.2.8 CPWG-Fed Aperture Coupled Patch Antenna on PCB for FSK-SSK
RX

CPWG-fed aperture coupled patch antenna is designed on a low-cost IT-180TC PCB.
The CPWG-fed instead of microstrip-fed is used here to reduce the radiation of the
feed-line and to improve the front-to-back-ratio of the radiation pattern. The antenna di-
mensions, PCB stack-up and simulated input matching and the antenna radiation pattern
are included in Fig. 4.19. The simulation shows the antenna achieving ~4.6dB gain and
is matched from 63GHz to 73.8GHz. The front-to-back-ratio is 10.6dB.

Fig. 4.20 shows the antenna array consisting of two CPWG-fed aperture-coupled
patch antenna with spacing of A\. The CPWG-fed is bend 90 o to align the polariza-
tion and beamsteering plane with the TX antenna array. The IC is packaged with the
antenna on PCB using a bondwire LCL-matching scheme [32]. Fig. 4.21 shows the
LCL-matching structure and the simulated loss. This LCL-matching scheme is similar
to the one used in the TX package except differential antenna is used in TX while single-
ended antenna is used in RX. The LCL-matching has <1dB loss in the RX operating
frequency range.

4.3 Measured Performance of mm-Wave FSK-SSK RX

The two-element 68-GHz FSK-SSK RX is implemented using both the series-FSK-SSK
and parallel-FSK-SSK configurations in a 65-nm CMOS process with 9 metal layers.
The series-FSK-SSK RX occupies 1.32mm? and the die photo is shown in Fig. 4.22.
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Figure 4.19: CPWG-fed aperture-coupled patch antenna in IT-180TC PCB: (a) Antenna
dimensions; (b) Simulated S11 shows wideband impedance matching for the antenna;
(c) PCB stack-up; (d) Summary of simulated antenna performance; (e) Simulated an-
tenna gain.

While the parallel-FSK-SSK RX occupies 1.375 mm? and the die photo is shown in
Fig. 4.23. The IC is packaged with CPWG-fed aperture coupled patch antennas using
chip-on-board approach and the packaged IC is also shown in Fig. 4.23.
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Figure 4.20: HFSS model of the CPWG-fed aperture-coupled patch antenna array.
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Figure 4.21: L-C-L bondwire matching structure for RX LNA GSG input and simulated
loss of such L-C-L structure.

4.3.1 DC Power Consumption of FSK-SSK RX

The DC power consumption of both series-FSK-SSK RX and parallel-FSK-SSK RX
are listed in Fig. 4.24. The FSK and SSK demodulator combined consumes 15.9mW
in the parallel-FSK-SSK RX comparing to the 10.07mW in the series-FSK-SSK RX.
The LNA in parallel-FSK-SSK is operating in low gain mode. The total DC power

consumption is 32.76mW and 29.6mW respectively for the series-FSK-SSK RX and
the parallel-FSK-SSK RX.
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Figure 4.22: Die photo of the two-element mm-wave Series-FSK-SSK RX fabricated in
65nm CMOS.

[ﬂjDDDDE]lEmDDDDD )

"GDUUDDDDDDD

Figure 4.23: Two-element mm-wave Parallel-FSK-SSK RX packaged with PCB anten-
nas using chip-on-board approach with PCB wirebonds for impedance matching.



ED RX2:
- 3.09mW

h ED RX1:

LNA RX1: /O 31emw LNA RX;
11.39mW 7.2my
PREBUF RX2:
1.87mW
PREBUF RX1:
1.95mW
LNA R
6.5mW

LNA RX2: 11.30mW

49

Power Consumption (mW) Power Consumption (mW)

LNA RX1 11.39 LNA RX1 7.2
LNA RX1 11.30 LNA RX2 6.5
PREBUF RX1 1.95 SSK1 (BUF+ED) 3.2
PREBUF RX2 1.87 SSK2 (BUF+ED) 3.5
ED RX1 3.16 FSK1 (BUF+PD) 4.6
ED RX2 3.09 FSK2 (BUF+PD) 4.6
Total 32.76 Total 29.6

(a) Series-FSK-SSK Receiver
Figure 4.24: DC power consumption of the Two-element Series-FSK-SSK RX and the
Two-element Parallel-FSK-SSK RX.

(b) Parallel-FSK-SSK Receiver

4.3.2 Series-FSK-SSK RX Measurements

The series-FSK-SSK RX is characterized using a probe-based measurement setup (Fig. 4.25).
A directional coupler splits the mm-wave signal into two paths. One path goes to a GSG
probe and the other one goes to a phase shifter before goes to another GSG probe.

The phase shifter helps emulate signal coming from different SSK directions. Fig. 4.26
shows the measured receiver output with CW of different frequencies and various input
power levels, indicating the LNA is starting saturated when P;, >-20dBm and the LNA

is peaking at ~72GHz which is 6% higher than the targeted frequency.

The FSK demodulation capability of the series-FSK-SSK RX is demonstrated by
measuring both the RX OUT2 and RX OUT3 with the CW of different frequencies. As
shown in Fig. 4.27, the series-FSK-SSK RX can distinguish the frequency by comparing
RX OUT?2 and RX OUT3. Such RX can support FSK demodulation with choosing the
two frequencies as 70.5GHz and 74GHz. The angle-of-incidence can be demodulated
by comparing RX OUT1 and RX OUT3 as showed in Fig. 4.28
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Figure 4.25: Measurements setup for the two-element mm-wave series-FSK-SSK RX.
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Figure 4.26: Measured receiver gain of the Series-FSK-SSK RX using probe test indi-
cating the LNA in Series-FSK-SSK RX is tuned 6% higher in frequency.

4.3.3 Parallel-FSK-SSK RX Measurements

The two-element parallel-FSK-SSK RX is measured both using probe test and wireless
measurements (Fig. 4.29).

Measured LNA performance based on probe-level measurements is shown in Fig. 4.30.
The LNA achieves 28.5dB gain at 68.3GHz with a 3-dB bandwidth of 3-GHz while
drawing 14-mA, demonstrating close to simulated performance. The IC is packaged

with aperture coupled patch antenna on PCB enabling PCB-level wireless measure-



51

301 301
—6—RX OUT2 P —6—RX OUT2
25+t =0—RX OUT3 ” 25+ =0—RX OUT3
S20t S20t
E E
=15} =15}
5 15 5 15
o o
X 101 X 101
14 14
5r 5r
046 888888060° 0 togee 2
66 68 7 72 74 66 68 70 72 74
Frequency (GHz) Frequency (GHz)
(a) Pin=-20dBm, LNA1 ON, LNA2 OFF (b) Pin=-30dBm, LNA1 ON, LNA2 OFF

Figure 4.27: Measured frequency response of Out2 and Out3 in Series-FSK-SSK RX
with LNA1 ON and LN2 OFF for (a) Pin=-20dBm, and (b) Pin=-30dBm. The measure-
ments demonstrated the FSK demodulation capability of the Series-FSK-SSK RX.
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Figure 4.28: Measured Outl and Out3 in Series-FSK-SSK RX with both LNA on across
various phase differences between the two LNA, mimicking received signals with dif-

ferent angle-of-incidence. The measurements demonstrated the SSK demodulation ca-
pability of the Series-FSK-SSK RX.

ments. PCB-level measurements were measured at lower LNA bias current due to os-
cillation observed at highest gain in packaged PCB (with supply and ground through
wirebonds) at one LNA. Fig. 4.31 shows the measured sensitivity of the parallel-FSK-
SSK RX including the antenna-on-PCB and wirebonds at different LNA bias voltages
and different LNA combinations.

Fig. 4.32 shows the measured performance of the FSK demodulator across frequency
with and without the negative-gm cell enabled. As shown in Fig. 4.32(a,b), the discrim-
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Figure 4.29: Measurements setup for the two-element mm-wave parallel-FSK-SSK RX.
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Figure 4.30: Measured LNA gain, input and output matching with probe testing.

inator is able to convert frequency to amplitude. The null frequency can be tuned by

programming the LC' resonator while the negative-gm cell increases discriminator slope
across frequency. BER measurements on the RX are performed with a pulsed FSK sig-
nal where signal frequency is switched between 67-GHz and 69-GHz. As shown in
Fig. 4.33, 1-Gb/s pulsed FSK measurements show < 107® BER up to 45cm. At 2.4-

Gb/s BER of < 1073 is achieved up to 30 cm with pulsed-FSK (50% duty cycle).

Fig. 4.34 shows the measurement setup of the SSK BER test using single horn an-

tenna as TX. The two-element IC is packaged with antennas with A spacing between
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Figure 4.31: Measured sensitivity of Parallel-FSK-SSK RX with different LNA bias.
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Figure 4.32: Measured FSK path gain across frequencies with (a) gm-cell disabled and
(b) gm-cell enabled, demonstrating tunability and frequency discrimination in the FSK
demodulator.

elements. The relative antenna pattern at SSK1 and SSK?2 are shown at two frequen-
cies used for the FSK in Fig. 4.35. As shown in Fig. 4.34, SSK transmission in a

horn-antenna based setup is created by sending data from two different directions and
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Figure 4.33: Measured BER for continuous-phase FSK (CPFSK) and 50% duty-cycle
pulsed FSK (p-FSK) across (a) distances and (b) data rates.

SSK demodulation is performed by comparing relative value of SSK1 and SSK2. As
shown in Fig. 4.36, BER of < 1073 at 1 Gb/s is achieved up to 100 cm (equivalent P;,, rx
is -40 dBm) with horn-antenna setup.
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Figure 4.34: Measurement setup of SSK BER test using single horn antenna as TX.
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Figure 4.35: Measured SSK1/SSK2 across incident directions at (a) 70GHz and (b)
67GHz;
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Figure 4.36: Measured SSK BER across data rates and distances.
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4.4 TX-RX SSK Channel Analysis with Metal Reflectors

A better understanding of the SSK channel is essential to setup the measurements of
TX-RX SSK link. The far field radiation pattern of a patch antenna with width W and
length L on a substrate of thickness A can be described as

koL . . koh
RPging1e = cos6 - sinc(Tsmﬁ)mnc(?cosG) (4.6)
The array factor of N-element antennas with spacing D is showed as

N or At 27
AFy = 1+ ZO"'COS(T : TZ/\ + T(z — 1) Dsinf) 4.7)
1=2

where «; is output power ratio of element; to element;,, AT; is the delay between
element; and element;,;, D is the distance between each element, and 7' is the car-
rier period. Then the far field radiation pattern of two-element patch antennas can be

described as

k. L . . koh
RPyy,, = cosf - sinc(——sind)sinc(——cosf)
” At 2r ’ (4.8)
x(1+ acos(QWT + TDsinQ)))

We assumed there is no output power mismatch between two DCOs (thus a=1) and the
two antennas are identical with the dimension of L ~ 0.4\ and PCB substrate thickness
h ~ 0.125)\. Fig. 4.37 shows the radiation pattern of two-element patch antenna array
at various relative trigger delay AT; for both D=\/2 and D=\.

In the RX side, SSK1, SSK2 detect envelope of the signal at the coupled and through
port respectively. Define P1, P2, P3, P4 as the IN, THRU, CPL and ISO port of the on-
chip quadrature coupler. The normalized gain from RX-ANT1 and RX-ANT?2 to SSK1

and SSK2 can be expressed as
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Figure 4.37: Radiation pattern of two-element SSK TX packaged with patch antenna
array at various delay settings for (a) spacing D=\/2 and (b) spacing D=\.
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where €, is the gain mismatch between LNA1 and LNA2, ¢, €., €4 represents the
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gain mismatches in the quadrature coupler. The SSK1 and SSK2 corresponding to signal

with angle-of-incident (Aol) can be written as:

i 2™ Dsin
Asski ~ RPgigle -+ (A0 3P 4 Ay)
RPsingle — i 27 Dsing T
= ———[(1 —€,)e 73" 4+ (1 —e.)e’2];
V2
2
Asskz ~ RPgingle - (A1 2877 Dsind 1 Ay 4)
o RPsingle

V2

Fig. 4.38 shows the receiver outputs SSK1/SSK?2 across angle-of-incidence for two-
element SSK RX packaged with patch antenna for both D=X/2 and D=\. Fig. 4.39
shows the receiver outputs P1/P2/P3/ P4 across angle-of-incidence for four-elements
SSK RX packaged with patch antenna for D=X\/2.

(4.10)

(1= €)(1 — e)elZe 7T 4 (1 — ¢,)]:

— GGK1 — GGK1
— SGK2 — SGK2
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Figure 4.38: Receiver response across angle-of-incidence for two-element SSK RX
packaged with patch antenna array for (a) spacing D=\/2 and (b) spacing D=\.

As shown in Fig. 4.40, by placing two metal reflectors at both sides of the wireless
channel, the RX receives both the Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS)
(due to reflections) from the TX. Here we assume signals with more than one time
reflections is negligible due to the extra path loss and extra reflections loss. Also once
the TX/RX and metal reflectors is physically fixed, the channel between the TX and RX

is a static channel. We can assume only three TX-to-RX path existing: one LOS path,
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Figure 4.39: Receiver response across angle-of-incidence for four-element SSK RX
packaged with patch antenna array for spacing D=\/2.

Figure 4.40: 2D model of SSK channel with side metal reflectors.

two NLOS path with reflection from either side reflector. The overall SSK1 and SSK?2

can be described as:

Metal Reflector
S

Metal Reflector
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(4.11)

With two TX antennas separated by A and two RX antennas separated by A\, we

can calculate the expected receiver outputs SSK1 and SSK2 with respect to the SSK

directions (beamsteering angles). For the first scenario, we assume the metal reflectors
are placed to make 64,=0,5=30 o and 0;=05,=30 o. Both SSK1 and SSK2 can be
separate into three components SSK14 5 ¢ and SSK24 5 ¢, representing signal travel
from LOS-path(A), NLOS-path(B) and NLOS-path(C) (Fig. 4.40). The SSK1 and SSK2

shows same pattern across SSK directions in this scenario (Fig. 4.41).
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Figure 4.41: SSK pattern across beamsteering angles when the metal reflectors are
placed such that 6 4,=30° and 63,=30°.
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For the second scenario, we assume the metal reflectors are placed to make 6 41=04,=30 o
and 0p1=0p>=15 o. The components SSK1B and SSK2C, SSK1C and SSK2B has the
same pattern for SSK1 and SSK2. Thus SSK1 and SSK2 also shows same pattern across
SSK directions in this scenario (Fig. 4.42).
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Figure 4.42: SSK pattern across beamsteering angles when the metal reflectors are
placed such that 6 4,=30° and 65,=15°.

For the second scenario, we assume the metal reflectors are placed to make 6 41=045=15 o
and 01=05,=15 o. The SSK1 and SSK2 has different pattern across SSK directions in
this scenario (Fig. 4.43). Also the NLOS path is delayed compared to the LOS path and
the phase differences can be anything depends on the channel geometry. Fig. 4.43(c)
shows the SSK1 and SSK2 pattern when the LOS signal and echoes are in-phase, while
Fig. 4.43(d) shows the SSK1 and SSK2 pattern when the LOS signal and echoes have
180° phase difference. The actual SSK1 and SSK2 patterns are more complex and cali-
bration is needed if any spacial parameters is changed for such slowly-varying channel

to determine the SSK1 and SSK2 patterns across SSK directions/beamsteering angles.

4.5 TX-RX SSK Measurements with Metal Reflectors

An SSK-FSK link measurement with a CMOS SSK-TX is performed using the setup
shown in Fig. 4.44. Metal reflectors are included in the setup to emulate a static re-
flective channel with multipath. SSK-FSK measurements demonstrating < 10~ errors
with effective 2 Gb/s data rates (1 Gb/s FSK and 1 Gb/s SSK) using integrated 68-GHz
FSK-SSK CMOS TX and the proposed FSK-SSK RX, demonstrating the first mm-wave
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Figure 4.43: SSK pattern across beamsteering angles when the metal reflectors are

placed such that 6§ 4,=15° and 65,=15°.

CMOS SSK link. The RX consumes ~14.8mW/element leading to overall ~ 30mW

power consumption.
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Figure 4.44: Measurement setup for TX-RX link using metal reflectors to provide signal
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Figure 4.45: Measured BER for 68 GHz CMOS TX-RX FSK/SSK link.
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Figure 4.46: Comparison to state of the art low-power mm-wave RX.
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4.6 Conclusion to FSK-SSK RX

Space shift keying represents a promising technique to increase energy efficiency in rel-
atively slow-varying channels. A low-power mm-wave two-element RX is implemented
in 65 nm CMOS targeting FSK-SSK modulated short-range links at mm-wave. An end-
to-end 68 GHz FSK-SSK link operating at 2 Gb/s over 6 cm with integrated CMOS RX
and TX demonstrates the first SSK-FSK link and the feasibility of using SSK in addition

to other energy-efficient modulation schemes to improve overall link energy efficiency.
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Chapter 5: An Integrated 7-Gb/s 60-GHz Communication Link Over

Single Conductor Wire using Sommerfeld Wave Propagation in 65-nm
CMOS

5.1 Introduction to Guided mm-Wave Electrical Links

The need for high data rate, high density, and physically reconfigurable I/O links has
led to wirelessly-coupled inter-chip links established through proximity coupling [50],
guided-waves in low-cost waveguides [22, 25, 38, 51], and wireless links [17]. Wire-
less / guided-wave links are particularly attractive in CMOS technologies capable of
high-speed digital processing to enable full integration. However, such links suffer
from two critical challenges: (i) signal coupling between the TX/RX on the IC and
the channel, and, (ii) signal propagation through the channel (waveguide/air). Weak sig-
nal coupling restricts fully-integrated capacitively-coupled proximity-coupling links to
< 2-mm range [50]. Although, hollow plastic-tube based links can achieve longer range,
they require bond-wire / PCB antennas and have asymmetry between TX and RX anten-
nas [22]. Furthermore, data rates over such hollow waveguides are ultimately limited by
waveguide loss at high frequencies (2.5-dB/m@120-GHz), dispersion, and higher order
modes [6]. Wireless links at sub-mmwave are conducive to antenna integration but are
limited severely by free-space path loss.

Fig. 5.1 shows the energy efficiency of conventional electrical links and optical links
across channel distance. The high channel loss for conventional electrical links at high
frequencies means that the equalization required to achieve high data rates is challeng-
ing to overcome to achieve with good link energy efficiency. This can be seen by the
higher pJ/bit required for longer range conventional electrical links particularly as links
approach tens of centimeters to meters. One solution is to use optical interconnect;
However, such links suffer from poor energy efficiency of lasers and even in the case of

integrated photonics, the need for precision physical packaging with um-scale resolu-
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tions. The cost and complexity overhead of using optical links has meant the crossover
between conventional electrical and optical links is in the range of meters. Guided mm-
wave electrical links are potential solutions by targeting energy efficiency in the tens of
cm to few meters range to bridge this gap between conventional electrical and optical
links. Previous offers of guided mm-wave electrical links have been focused on hollow
and solid polymer waveguides that are of the order of mm in dimensions and have low
loss at mm-wave and THz frequencies. Fig. 5.2 shows the loss and group delay in such
solid and hollow dielectric waveguides. The dispersion in such dielectric waveguides
varies almost linearly with frequency for a given length and is increasing with channel
length. This puts a limit on the maximum data rates supported by the dielectric waveg-

uides for a given channel length and a given center frequency.
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Figure 5.1: Energy efficiency of electrical and optical links across channel distance.

Radial-mode Sommerfeld-wave propagation over a single-wire has long been known
to have low loss (< 1 dB/m@100 GHz) and almost no dispersion up to hundreds of

GHz [7,52]. However, exciting the radial wave in a single conductor wire (SCW) is chal-
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Figure 5.2: Loss and group delay in solid and hollow dielectric waveguides (data
from [6]).

lenging with typical linear/circular polarized antennas and has been accomplished using
picosecond lasers exciting currents on a concentric two-electrode antenna fabricated
on photo-conductive material [7]. In this work, we present an approach for mm-wave
excitation of the Sommerfeld-wave mode on a SCW using a radial on-chip antenna,
demonstrating a fully-integrated end-to-end 7 Gb/s transceiver system over 60-GHz car-
rier (including serializers, mm-wave OOK modulators, on-chip antennas, demodulators
and deserializers) across 20-cm of bare copper wire (diameter = 0.4 mm) with no off-
chip components. This work presents not only the first fully-integrated system, but is
also the first demonstration of a multi-Gb/s links over SCW using Sommerfeld waves
[53].

5.2 Fully-Integrated Communication Link Over Single Conductor Wire

5.2.1 System Overview of Guided Link on SCW

Fig. 5.3 outlines the link concept. A high-speed multiplexer serializes incoming data
and drives an on-chip mm-wave TX that generates an OOK-modulated 60-GHz signal.
The TX output is coupled to the Sommerfeld radially-polarized propagation mode in
a single conductor wire (SCW) using an on-chip antenna. The weakly-guided Som-
merfeld wave occurs due to the finite conductivity of the bare-copper SCW and prop-

agates along the SCW as a TM wave. The electric field is largely radial as shown in
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Figure 5.3: (a) System overview of communication link with a modulated 60-GHz car-
rier using low-loss and flat dispersion Sommerfeld-wave propagation in a single conduc-
tor wire (SCW) (bare copper wire, 400 ym diameter), (b) EM simulations of dominant
radial-mode E-field and TM propagation in SCW.

Fig. 5.3 but has a longitudinal component along the wire. The SCW is supported me-
chanically using ~100 pgm-width Liquid Crystal Polymer (LCP) disks (eg= 2.9, tan ) =
0.0025@10 GHz). The supporting structure ensures radial symmetry around the SCW
up to ~5X (A =5 mm @ 60 GHz) to maintain radial-mode propagation. On the RX, a

similar antenna couples the 60-GHz Sommerfeld wave from the SCW into the IC where
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an OOK demodulator drives on-chip samplers and deserializers. The wide bandwidth
of the SCW propagation channel implies that simple modulation schemes such as OOK
are adequate with wideband mm-wave circuits, and efficient coupling into SCW ensures

that the link does not require equalization.

5.2.2  Loss and Group Delay of Sommerfeld Wave

Fig. 5.4 shows the attenuation and effective permittivity of the Sommerfeld mode on
SCW (data from [7]). The Sommerfeld-wave mode is low-loss and has flat dispersion
across frequency and hence the coupling loss from IC to the Sommerfeld-Wave mode
dominates link performance. Given the fact that the Sommerfeld wave is weakly guided
by the SCW, a significant portion of the electric field exists in a region outside the
wire. Shown in Fig. 5.5 is the simulated electrical field amplitude as a function of radial
distance from the SCW, indicating that the electrical field magnitude drops by about
20dB at distances exceeding around 4mm from the SCW. Fig. 5.6 shows the simulated
coupling between two SCWs that are ~8mm apart is below -10dB.

Single-Wire Losses (Data from
) Wachter Opt. Exp. 2005)
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Figure 5.4: The loss and dispersion of the Sommerfeld mode on single conductor wire
(data from [7]).
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Figure 5.5: Simulated electrical field amplitude as a function of distance from the single
conductor wire.
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Figure 5.6: Simulated coupling between two single conductor wires that are around
8mm apart.

5.2.3 Radial Mode Antenna Design

Fig. 5.7 shows the proposed on-chip radial mode antenna which is discussed here in
the context of the TX, where a radial electric field is desirable to couple effectively to
the radial propagation mode on the SCW. An on-chip co-planar waveguide feeds the
antenna, which consists of the concentric rings Rp;, Rps, Rps (in red) connected to the
signal, and Ry, Rys and Ry3 (in blue) connected to the RF ground. Since the signal
is connected to Rp; and the ground is connected to Ry (see Fig. 5.7) - electric dipoles

are created between Rpj, and Ry, as well as between Rpy, and Ry ;1. However, the
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Figure 5.7: (a) Radial antenna approach for coupling mm-wave modulated signal on the
IC to the radial Sommerfeld-wave mode on the SCW, (b) Simulated coupling loss from
the radial antenna to the SCW.
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Figure 5.8: Side-view of the radial antenna and the SCW showing the coupling mecha-
nism of electrical fields from the radial antenna to the SCW.

dipoles between Rp and Ry rings that are placed close together do not couple to the wire
whereas dipoles created between rings such as Rpj, and Ry, result in signal coupling

to the wire. Since these dipoles are created all along the antenna, a radial electric field is
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created that couples to the radial mode when the single-wire conductor is placed close
to the antenna. Additional rings enhance coupling, however, EM simulations suggest
little benefit beyond the three ring structure. Fig. 5.8 shows the side-view of electrical
fields coupling from the on-chip radial antenna to the SCW. The proposed antenna can
tolerate off-center SCW placement to within £100 um. Passivation layer on top of the
IC ensures no electrical contact between the wire and the antenna. Notably, the proposed
antenna requires the absence of a ground plane underneath - to prevent electrical field
lines from the antenna rings to the ground. The IC was packaged using chip-on-board
and the ground plane of the PCB is 450 ym away from the part of the IC with the
antenna. Fig. 5.7 shows s-parameters based on EM simulations, demonstrating ~-15dB
coupling between the IC and the antenna. Coupling loss is dominated by losses in
the silicon substrate (10 2-cm in this implementation) and hence thinning the substrate
and/or using high-resistivity substrate technologies will lead to higher efficiency. The
single wire itself has < 1-dB/m loss implying that all signal loss occurs when coupling

to/from the IC. The antenna presents an impedance of 25 2 at 60 GHz.

5.2.4 Fully-Integrated 60GHz TX/RX Design

The CMOS TX/RX implementation is shown in Fig. 5.9. The mm-wave TX consists of a
low-power digitally-controlled oscillator (DCO) (tuning range: 57 GHz to 62 GHz) that
drives a 60-GHz buffer. OOK modulation is accomplished by a mm-wave switch driven
by buffered data. The DCO and buffer are differential and a transformer at the output
of the switch drives the single-ended antenna. The transformer is also sized to resonate
with the switch to provide a 25-2 match at 60 GHz and switch transistors are sized to
balance the trade-off between power required for data buffers to drive the switch and
mm-wave loss. In simulation, the 60-GHz OOK modulator delivers a 0-dBm 60-GHz
signal at the radial mode antenna. Fig. 5.10 shows the simulated TX output delivered to
the 25¢2 SCW coupling antenna. The OOK modulator generates OOK signal with 18dB
on-off-ratio.

The 60-GHz LNA uses a transformer-based neutralization scheme that provides

higher gain than common-source stages for same power consumption. The 6-stage
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Figure 5.9: Block diagram of the proposed 60-GHz 7 Gb/s transceiver IC with OOK
modulator / demodulator and radial-mode antenna.

LNA provides 24-dB gain and 6.2-dB noise figure (NF) in simulation while consum-
ing ~21 mW and is also matched to 25-(2 antenna input. Fig. 5.11 shows the simulated
S21 of the 60GHz LNA. The LNA output is provided to a 60-GHz envelope detector
(ED) for OOK signal demodulation, amplification and sampling. In addition, the ED
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Figure 5.10: Simulated TX output on the 252 SCW coupling antenna.

output drives an open-drain buffer for direct measurement.

5.3 Measured Performance of Fully-Integrated Guided Link over SCW

The die micrograph of the 65-nm CMOS implementation of the concept and block level
power consumption are shown in Fig. 5.12. The test setup for the SCW link measure-
ments closely follows Fig. 5.3. Bare Cu wire with 400 um diameter (26 AWG) is used as
the SCW and is placed in proximity to the antenna on the TX and RX. The 20-cm long
wire has an intrinsic bend in the current setup with a radius of ~28 cm. Fig. 5.13 shows
the measured pulse response of the entire transceiver including the wire for 10-cm and
20-cm wire lengths and 5 Gb/s and 6 Gb/s pulse widths. For this measurement, 166.67-
ps and 200-ps pulses were up-converted in the modulator to 60-GHz carrier, amplified

by LNAs and finally received by the envelope detector output. Despite increasing the
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Figure 5.11: Simulated S21 of the 60GHz transformer-feedback LNA used in the OOK
demodulator.

wire length by 2x, the measured pulse response shows no change in the pre- and post-
cursor ISI. This measurement demonstrates the low loss and wideband nature of the
proposed communication channel and the TX-RX 60-GHz front end.

Fig. 5.14 shows the measured buffered ED output (eye diagrams) for 5 Gb/s data
rates with 10cm-channel and 20cm-channel. Fig. 5.15 shows the measured buffered ED
output for 6 Gb/s and 7 Gb/s data rates for 20cm-channel. Even though the open-drain
buffered output has lower bandwidth than the internal ED output node, the eye opening
can still be seen at 7 Gb/s for the buffered ED output. Fig. 5.16 shows the measured
bathtub plot of the 6Gb/s and 7Gb/s sampled data for 20cm-channel. The proposed
transceiver achieves 7 Gb/s data rate for BER < 107° and 6 Gb/s for BER < 107'2,
The measured bathtub curves at 6 Gb/s and 7 Gb/s are shown in Fig. 5.16. At 6 Gb/s,
the received eye opening is 36 ps. The proposed transceiver is compared with the state-

of-the-art guided-wave/wireless link approaches in Table 5.1. Notably, the SCW link
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Figure 5.12: (a) Die photograph of the proposed transceiver in 65-nm CMOS; (b) Sum-
mary of transceiver power consumption.

in this work is fully integrated and does not require any off-chip/bondwire components

while achieving comparable energy efficiency even with 65-nm CMOS.
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Figure 5.13: Measured end-to-end system pulse response for 10-cm wire and 20-cm
wire lengths demonstrating a low-loss and dispersion free channel.

5.4 Conclusion to Fully-Integrated Guided Link over SCW

The chapter presents the first demonstration of a mm-wave data link using Sommerfeld-
wave propagation on a single conductor wire. A fully-integrated end-to-end prototype is
presented to demonstrate the feasibility of energy-efficient high data rate links over the
low-loss and low-dispersion waveguide. The 65-nm CMOS prototype achieves 7 Gb/s
data rate over 20-cm channel length with energy efficiency of ~10 pJ/bit. Future work
includes achieving higher data rates using the SCW by increasing carrier frequency and

investigating multi-lane mm-wave data links using parallel SCW.
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Figure 5.14: Measured 5Gb/s eye diagrams using buffered envelope-detector (ED) out-
put in Fig. 5.9.
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Figure 5.15: Measured 6Gb/s and 7Gb/s eye diagrams using buffered envelope-detector
(ED) output in Fig. 5.9. Bandwidth is limited by bondwire from chip to PCB trace.
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Figure 5.16: Measured bathtub curves at the internal sampler input for 6 Gb/s and 7 Gb/s
data rates.
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Table 5.1: Comparison of fully-integrated guided-link over SCW to state-of-the-art

This Work JSSC 2014 | ISSCC 2015 | JSSC 2011 ISSCC 2016
Technology [65-nm CMOS| 32-nm SOI |40-nm CMOS |40-nm CMOS | 14-nm CMOS
Area (mm?) 0.95(tot.)/ 4.62 0.48 0.21 9.6/38.4
0.77(Mod
/Demod,
TRX, Ant)
Channel 0.4 mm Bare Air 2mmx Imm | lmmx8mm Air
Copper Single PTFE Tube PS Tube
wire
Coupling On-chip On-chip  |On-chip dipole|  Off-chip Capacitive
Radial Dipole (TX), Quasi-Yagi
Antenna bondwire
ant.(RX)
Freq./Mod. |60-GHz OOK|210-GHz OOK| 120-GHz |57-GHz OOK NA
CPFSK
Data 7 Gb/s @1e-5,| 10 Gb/s (NA) |12.7 Gb/s, 1 m |15 Gb/s, 10 cm| 8 Gb/sx4,
Rate/Range 6 Gb/s 0.8 mm
@1e-12,20
cm
Integration Serializer, TX, RX TX/RX TX/RX Serializer,
TX, RX, TX/RX,
Sampler, Deserializer,
Deserializer, Clocking
Clocking
Power (mW) |70.9 (total), 54 308 61 71 32x4
(Mod, TRX,
Demod)
@7Gb/s
Efficiency 10.1 (total) / 30 4.8 4.7 4
(pJ/b) 7.7 Mod,
TRX, Demod)

@7Gb/s
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Chapter 6: A CPFSK Guided mm-Wave Communication Link over
Two-Metal-Wire Waveguide

6.1 Introduction to Guided mm-Wave Link over Two-Metal-Wire

The first demonstration of a fully-integrated end-to-end 7Gb/s 60GHz communication
link over single-conductor-wire (SCW) waveguide utilizing Sommerfeld wave propa-
gation is presented in chapter 5 [53]. Such guided mm-wave link over SCW can be a
promising solution for achieving energy-efficient high data rate interconnects. But the
Sommerfeld wave is weakly guided by the SCW and thus relatively sensitive to bending
loss. The coupling between two SCWs also limits the multiplexing of multiple SCWs
in parallel.

Investigation of other metal-wire waveguides that potentially support low-loss and
relatively flat dispersion modes at mm-wave while providing better bend loss and lower
coupling to adjacent channels is of great interest. Fig. 6.1 shows the overview of po-
tential multi-lane mm-wave links over parallel two-metal-wire (TMW) waveguides. A
two-metal-wire waveguide is consisting of two cylindrical metal wire with diameter d
that are closely placed with spacing s in air. The electrical fields of the TEM model are
mostly distributed in the air gap between the two wires. Fig. 6.1 shows the simulated
electrical fields in the cross section of two-metal-wire and four-metal-wire waveguides.
With the proper choice of wire diameter, wire spacing and the spacing between two-
metal-wires, it is possible to configure such multi-lane two-metal-wire waveguides for

achieving energy efficient high data-rate communications.

6.2 Design of CPFSK Guided mm-Wave Link over Two-Metal-Wire

Fig. 6.2(a) shows the simulated loss and group delay of the TEM model on an ideal two-

metal-wire waveguide. The loss is limited by skin-effect and the dispersion is relative
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Figure 6.1: Overview of multi-lane mm-wave data link over parallel two-metal-wire
waveguides.

flat since most of the electrical fields are guided in free space. Fig. 6.2(b) shows the
simulated loss of a system with one dipole exciting the TEM mode and another dipole
picking up the TEM mode from the 1m two-metal-wire waveguide.

The CPFSK modulation scheme is choose because the low complexity and non-
coherent demodulation method available. The CPFSK modulation also allows possi-
ble concurrent communication in multi-lane two-metal-wire waveguides with offset fre-
quencies. Fig. 6.3 shows the block diagram of the proposed 60GHz transceiver IC for
the guided link over two-metal-wire waveguide. A high-speed multiplexer serializes in-

coming data generated from on-chip PRBS generator and drives a switch at the DCO cap
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Figure 6.3: Block diagram of the proposed 60GHz transceiver IC with CPFSK modula-
tion for achieving guided link over two-metal-wire waveguide.

bank to toggle the frequency of the DCO, thus generating CPFSK signal. The DCO out-
put is send to a class-AB differential PA with cross-coupled capacitor for neutralization
and the PA delivers 0dBm into the 100¢2 differential impedance. On the RX, a six-stage
wideband 60GHz LNA with low-k transformer matching network and cross-coupled ca-
pacitor neutralization amplifies the received signal. A transformer based power splitter
split the signal into two parts, one directly goes to the input of the phase detector, the
other one goes to a meander transmission line based phase shifter then goes to the other

input of the phase detector. The transmission line based phase shifter creates frequency
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dependent phase shifts and can convert the frequency information into phase informa-
tion. The phase detector demodulate the CPFSK signal and drives a CTLE and then a
demultiplexer and a sampler. The phase detector (PD) output also drives an open-drain
buffer for direct measurement. The output of PA and the input of LNA are both us-
ing 100pm spacing GSGSG pads, enabling probe level test and guided link test with
chip-on-board packaging.

6.3 Measurements of CPFSK Guided mm-Wave Link over Two-Metal-
Wire

Fig. 6.4 shows the die photo of the 60GHz CPFSK transceiver occupying 1.17mm?
implemented in 65nm CMOS and the corresponding PCB for guided link test. Two
IC can be placed on each PCB using chip-on-board approach enabling possible two-
lane two-metal-wire links. Table 6.1 shows the measured power consumption of the
60GHz CPFSK transceiver implemented in 65nm CMOS. The total power consumption
of the transceiver is 73.3mW including mm-wave TX/RX, PRBS generator, Mux, De-
mux,CTLE and Sampler. Fig. 6.5 shows the measured PA output power and frequency
tuning curve using probe level test. Such measurements shows the TX can generat-
ing CPFSK signal at 63.43GHz/57.57GHz and can be tuned up to 65.05GHz/58.71GHz
with four-bits static switches. The power at lower frequency is >2dBm while the power
at high frequency is slightly lower with >-5dBm.

In order to measured the channel loss of the proposed two-metal-wire waveguide,
a wideband Marchand Balun is implemented on Rogers 4350B laminate (Fig. 6.6) and
the single-ended port can be connectorized with a V-band end launcher for channel
loss characterization using VNA. Fig. 6.6 also shows the measured performance of the
Balun showing ~178° phase difference of the differential port and ~1dB gain mismatch
between the differential port.

The loss of differential two-trace on Rogers 4350B is first characterized and the
measurement result is shown in Fig. 6.7. Both ends of the differential two-trace are con-
nected to VNA through a V-band connector, CPWG routing and the Marchand Balun.
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Figure 6.4: Die photograph of the proposed transceiver in 65nm CMOS and the corre-
sponding PCB with option of two IC being packaged on board.

Table 6.1: Summary of measured power consumption of the 60GHz CPFSK transceiver.

Power (mW)

PRBS Gen. 0.055
Mux 4.4

DCO 16.96

PA 7.06
LNA&PS 29.1

PD 3.059

CTLE 11.97
Demux & Sampler 0.64
mm-wave TX 24
mm-wave RX 32.2
Total 73.3

The measurements was repeated for different two-trace channels with various length.
The loss of such differential two-trace on Rogers 4350B is about 0.9dB/cm at 60GHz.
The measured channel loss of the proposed two-metal-wire waveguide is shown in
Fig. 6.8 and Fig. 6.9. The two-metal-wire waveguide can be fabricated using AWG cop-
per wires with the similar method that are used to make ribbon cables. Without access

to such method or tools, the two-metal-wire waveguide measured here is custom made
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Figure 6.5: Measured PA output power and frequency tuning curve using probe test.

using the approach as following: A long Teflon tape is flip and fixed to the surface of
a Styrofoam plate. Three copper wires with the same length L are fixed to the Teflon
tape with no gap existing between the wires. The three copper wires used are AWG26
(16mil diameter), AWG31 (9mil diameter) and AWG26 (16mil diameter) respectively.
Then the wire in the middle (AWG31) is removed thus creating a two-metal-wire waveg-
uide with wire diameter 16mil and wire spacing 9mil. The electrical fields is expected
to be distributed mostly in the 9mil air space between the two-metal-wire. Both ends of
the custom-made two-metal-wire waveguide is connected to the differential two-trace
on Rogers 4350B using custom made Teflon clip which mechanically press down the
two-metal-wire with the two-trace. Then the two-trace was connected to VNA with
the Marchand balun on Rogers 4350B and the V-band end launcher. Fig. 6.8 shows
the measured loss of a 45cm two-metal-wire channel which is fully fixed to the Teflon

tape. Such fully-fixed 45cm two-metal-wire channel has ~13.6dB loss at 60GHz, cor-
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Figure 6.6: Wideband Marchand Balun implemented on Rogers 4350B laminate for
channel loss characterization and measured performance of the Balun using VNA.

responding to ~0.3dB/cm loss at 60GHz. This custom made channel is relative robust
since multiple sets of measurements are performed on the same channel with 24 hours
separation showing similar loss.

Fig. 6.9 shows the measured loss of a 60cm two-metal-wire channel which is par-
tially fixed to the Teflon tape every 10cm in order to reduce the loss caused by the Teflon
tape. Such partially-fixed 60cm two-metal-wire channel has 12.1dB loss at 60GHz,
corresponding to ~0.2dB/cm loss at 60GHz. Despite the lower loss comparing to the
full-fixed version, the partially-fixed two-metal-wire waveguide is less robust over time
because the wire spacing is potentially varying along the channel, which cause discon-
tinuity, extra loss and loss variations.

The measured loss of custom made two-metal-wire waveguide is ~0.2dB/cm at
60GHz, which is 4.5X smaller than the ~0.9dB/cm loss of two-trace on Rogers 4350B

laminate.
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Figure 6.7: Measured channel loss of two-trace printed on Rogers 4350B.

6.4 Conclusion to Guided mm-Wave Link over Two-Metal-Wire

The two-metal-wire waveguide has the loss of ~0.2dB/cm at 60GHz and is a promising
low lost and relative flat dispersion channel that can potentially enable multi-lane energy
efficient high data rate guided mm-wave links. Despite the low loss of such channel, it
is extremely challenging to establish a robust link with good eye diagram and BER of
< 107'2 due to the limitation on measurements setup, the robustness of custom-made
two-metal-wire waveguide and the coupling mechanism from the IC to the channel. The
small section of two-trace on the IT-180TC PCB adds extra loss at both the TX and RX
sides. The coupling mechanism from the IC to the channel we used on the measure-

ments setup relies on the press-on contact of two-metal-wire with trace on PCB using
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Figure 6.8: Measured channel loss of the proposed custom-made two-metal-wire waveg-
uide with 45cm length.

Teflon tape. Such coupling mechanism is relatively ineffective and lack of robustness.
The custom-made two-metal-wire channel also lack of robustness and is mechanically
instable.
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Figure 6.9: Measured channel loss of the proposed custom-made two-metal-wire waveg-
uide with 60cm length.
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Chapter 7: Conclusion

Spatial modulation or spatial shift keying is a promising technique to improve energy ef-
ficiency in relatively slowly-varying channels by leverage diversity of spatial parameters
and embedding information in antennas switching or transmission directions switching.
Such spatial modulation can be combined with frequency-shift keying in a low-power
transceiver to further improve energy-efficiency of short-range mm-wave links. Low-
power DCO based approach can provide pulsed FSK operation and phase shift through
relative delay of DCO trigger signals. A two-element 68 GHz FSK-SSK TX prototype
is implemented in 65-nm CMOS and is packaged with aperture coupled patch antennas
on PCB. The TX prototype demonstrates 3Gb/s data rates with 2-FSK and 4-SSK and
achieves energy efficiency of 7.1pJ/bit and EIRP of 6dBm [4]. Low-power mm-wave
two-element RX with capability to demodulate both FSK and SSK for short-range FSK-
SSK links are implemented in 65nm CMOS using both series-FSK-SSK and parallel-
FSK-SSK demodulation techniques. An end-to-end 68GHz FSK-SSK link operating
at 2Gb/s data rates (1Gb/s FSK and 1Gb/s SSK) over 6¢cm reflective channel with in-
tegrated CMOS TX and RX demonstrating the first SSK-FSK link [39]. Such link
demonstration shows the feasibility of using SSK in addition to other energy-efficient
modulation schemes to improve overall energy efficiency of short range wireless links.
Possible future work includes building large scale spatial modulation MIMO systems of
N-element TX and N-element RX with the benefits of higher EIRP (longer link range),
higher spatial resolutions and higher spatial modulation depth; Including energy effi-
cient power amplifier capable of multi-Gb/s pulsed operation in the SSK TX in order to
increase the link range; Combining spatial modulation with higher-order FSK or code
domain modulation [16] to further increase the data rates of the link.

Single-metal-wire or multi-metal-wires waveguides with low loss and relative flat
dispersion modes are promising channels for achieving energy efficient high data rate

guided mm-wave links. The first demonstration of a mm-wave data link using Sommerfeld-
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wave propagation on a single conductor wire is presented. A fully-integrated end-to-end
prototype implemented in 65nm CMOS is presented to demonstrate the feasibility of
energy-efficient high data rate guided mm-wave links over the single conductor wire.
Such prototype achieves 7 Gb/s data rate over 20-cm single wire channel length with
energy efficiency of ~10pJ/bit [53]. The two-metal-wire waveguide also has the low
loss that are measured to be ~0.2dB/cm at 60GHz and relative flat group delays. A
60GHz CPFSK transceiver is implemented in 65nm CMOS as a prototype to potentially
enable energy-efficient high data rates guided mm-wave links over two-metal-wire and
multi-lane two-metal-wire waveguides. Possible future work includes achieving higher
data rates over single conductor wire by (a) increasing carrier frequency, (b) improving
PA output power and LNA gain to accommodate coupling loss due to non-idealities,
(c) improving the mechanical mechanism to support single conductor wire extended to
longer channel length. Further investigation of multi-lane two-metal-wire guided links
by optimizing the coupling loss from IC to two-metal-wire waveguide and improving
robustness of the channel is also promising.

Power amplifier (PA) is the vital part in a millimeter-wave beamsteering systems
and PA with high output power is essential for increasing link range and compensat-
ing signal path loss especially at mm-wave. Improving the energy efficiency of PA
while maintaining the output power level and linearity has the most significant impact
on improving the overall transceiver energy efficiency. Possible future work includes
designing energy efficient high linearity and high output power PA and particularly us-
ing such PA in a mm-wave beamsteering systems with reduced hardware complexity by

taking advantage of lens antenna sub-array [54].
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