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Executive Summary

Millimetre-wave radio transceivers

In the MiWavesS project, 5G small-cell access points with interconnecting backhaul links are
demonstrated at millimetre-wave frequencies. The access with user terminals occurs in V
band, whereas backhaul links are demonstrated both in V and E bands. Several transceivers
are needed in the demonstrations: transceivers for V and E band backhauling, transceivers for
V band access point and user terminal. This executive summary describes concisely the
transceivers and building blocks under development.

V band 65nm CMQOS transceiver chip

STMicroelectronics provides V band 65nm CMOS transceiver chips to the MiWaveS
project. The transceiver is applicable both to WiGiG/802.11.ad and backhaul applications. It is
a fully integrated MMIC circuit including a transmitter, receiver and VCO & PLL circuitry to
cover the 4 IEEE channels defined between 57 and 66 GHz. The frequency generation of the
local oscillator signals is common both to the transmitter and receiver. Up and down-
converters use a double stage frequency conversion scheme with an IF frequency of 20 GHz.
The transceiver chip has baseband 1&Q Tx inputs/Rx outputs for the direct connection to a
digital baseband sub-system. The chip size is 2.8*3.3 mm?. Furthermore, a cost-effective BGA
(Ball Grid Array) flip-chip module has been fabricated to ease the assembly of the transceiver
on a standard application printed circuit board (PCB). In the MiWaveS project, the 65nm CMOS
transceiver chip is utilized in the 60 GHz backhaul radio, user terminal radio but also as a
building block in the V band phased array access point front-end module.

Figure I: 60 GHz transceiver chip realized in 65nm CMOS technology.

V band user terminal transceiver

The 65nm CMOS transceiver chip is used as the transceiver in the 60 GHz user terminal
module. The module is built on a multi-layer organic substrate having a size is 1010 mm?. The
transceiver chip is flip-chipped on the bottom side of the module. On the top side, two
separate linearly-polarized fixed-beam aperture-coupled patch antennas locate one for
reception and another for transmission. The module is further flip-chipped on a larger test
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PCB for test and demonstration purposes. The interface between the module and PCB includes
differential 50 ohms Rx and Tx baseband 1/Q signals, digital control signals and transceiver
supply voltage lines.
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Figure II: Integrated 60 GHz user terminal module; left: top side, right: bottom side.

V band access point transceiver

The phased-array access point front-end includes a 60 GHz 65nm CMOS transceiver, Tx/Rx
duplex switch, power splitter and four bidirectional phase shifter & amplifier chips. The
transceiver and SPDT (Single Pole Double Through) duplex switch are common to all antenna
array elements. Instead, separate low noise amplifier, power amplifier, switch and phase
shifter circuits are connected to each antenna element. Two phase shifters and related
switches and amplifiers are integrated on a single chip to reduce the number of chips and to
ease the signal routing on the interposer board. At first, an antenna array of 2*4 patch
antenna elements is used. A Tx/Rx duplex SPDT switch in 55nm BiCMOS technology has been
designed, fabricated and measured. The size of the SPDT switch chip is 0.9*0.9 mm?. The size
of the 55nm BiCMOS phase shifter chip is 2.0*3.4 mm?2. A switched delay line type phase
shifter is used in the front-end chip. Two and one bit switched phase shifters are used in a
series configuration to obtain a 3-bit phase shifter with 45 degrees phase resolution. The low
noise amplifier consists of three stages. The first stage uses a common source FET transistor
and second and third stages a common emitter BJT transistor. The LCP module size is 19*19
mm? including the antenna array of 2*4 elements. The target is to realize a compact scalable
access point transceiver module which meets various system level requirements.

E band backhaul transceiver

Sivers IMA provides 71-76 GHz transceiver modules to the MiWaveS E-band backhaul
demonstrations. The transceiver has been augmented by external LO (Local Oscillator) and AFE
(Analog Front-End) boards. The external Rx / Tx local oscillators with on/off switching allow the
transceiver use in TDD (Time Division Duplex) operation scheme. The AFE board provides the
required IF to baseband frequency conversion. In order to avoid the leakage of the power
amplifier broadband noise to the receiver input, a commercial SPDT duplex waveguide switch
has been added to the transceiver waveguide Rx input/ Tx output ports. In addition to the TDD
operation mode, a low phase noise has been a key design driver.

Millimetre-wave building block development

In the course of the transceiver development, two performance parameters have been
identified to be of key importance. In backhaul links, the transmitter shall provide a high
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output power with a good linearity. Secondly, the trend in millimetre-wave backhaul radios is
towards multi-level modulation schemes such as 16, 32, 64, 128 and 256 QAM in order to
increase the data rate. This sets a strict constraint on the phase noise of the transceiver local
oscillators. Therefore, in the project, special building block developments have been initiated
both on power amplifiers and frequency synthesizers. Furthermore, a simulation study has
been carried out on power amplifier topologies with a high efficiency.

60 GHz power amplifier

The performance of 28nm CMOS FD-SOI (Fully Depleted Silicon on Insulator) technology
has been illustrated by designing, fabricating and testing a 60 GHz reconfigurable power
amplifier. The realized amplifier achieves an outstanding performance in terms of PAE (Power
Added Efficiency) 21% at saturated output power, 1dB output compression point of 18.2 dBm
and DC power consumption of 74 mW.

V and E band frequency synthesizer

STMicroelectronics has developed a frequency synthesizer in 55nm BiCMOS technology
operating both in V and E band. The frequency synthesizer includes a unique fractional PLL and
DCXO (Digitally Controlled Crystal Oscillator) to comply with all V and E band radio channel
allocations. The 40 GHz VCO is followed by a frequency doubler in order to achieve the V or E
band LO frequency. The emphasis in the design has been on flexibility and high integration
level. The measured phase noise at 75.6 GHz at 1 MHz carrier offset is -97.7 dBc/Hz.

E band local oscillator chain

The local oscillator chain consists of a 20 GHz multi-core VCO followed by two frequency
doublers in a series configuration. The re-configurability of the multi-core VCO has been
successfully proved by switching on and off the VCO cores. The VCO can be configured to
operate with one, two or four tank circuits. By doubling the number of active tank circuits the
phase noise reduces by 3 dB. The VCO and frequency doublers have been realized using 55nm
BiCMOS technology. The purpose is to switch on more VCO cores as the number of modulation
levels goes up.

Figure 11I: 20 GHz multi-core VCO in 55nm BiCMOS technology.
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E band power amplifier

An E band DDAT (Double Distributed Active Transformer) power amplifier in 55nm BiCMOS
technology has been designed and fabricated. The final stage of the amplifier is based on a
power combining technique. The distributed output transformer combines the power from
four power cells. Similarly, a distributed transformer is used at the input of the power cells. An
output power of 24 dBm has been measured.

Investigation of efficient power amplifiers

Various modulation and coding schemes are applied at millimetre-wave high data rate
backhaul and access links. These signals are expected to have large PAPRs (peak-to-average
power ratios). The highest efficiency point of a power amplifier typically locates close to the
saturated power region. However, the linearity requirement necessitates that the amplifier
must be backed-off by several dBs from the saturated output power. The back-off degrades
considerably the amplifier efficiency. In order to circumvent the linearity-efficiency trade-off, it
is necessary to control the load resistance or DC bias voltage of the power amplifier. These
kind of dynamic linearization techniques have been widely investigated in literature at low GHz
wireless frequencies. The MiWaveS project has investigated the feasibility of these
linearization techniques at millimetre-wave frequencies, where only a few studies have been
reported so far. In particular, a balanced GaAs pHEMT power amplifier stage operating in E
band has been designed and used as a reference amplifier in the performance comparison.
Doherty and Chireix out-phasing amplifiers have been selected to the performance
comparison. These amplifier architectures show a high efficiency (PAE) at lower microwave
frequencies. The performed simulations indicate that a Doherty amplifier gives a clear
performance advantage compared to a balanced power amplifier configuration also at
millimetre-wave frequencies. In contrast, the Chireix out-phasing amplifier concept did not
operate as expected at millimetre-wave frequencies.

Disclaimer: This document reflects the contribution of the participants of the research project
MiWaves. It is provided without any warranty as to its content and the use made of for any
particular purpose.

All rights reserved: This document is proprietary of the MiWaveS consortium members. No
copying or distributing, in any form or by any means, is allowed without the prior written
consent of the MiWaveS consortium.
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1. Introduction

In the MiWaveS project, 5G small cell access points with interconnecting backhaul links are
demonstrated at millimetre-wave frequencies. The access link with user terminals occurs in V
band, whereas backhaul links are demonstrated both in V and E band. Several transceivers are
needed in the demonstrations: transceivers for V and E band backhauling, transceivers for V
band access point and user terminal.

In the course of the transceiver development, two performance parameters have been
identified to be of key importance. In backhaul links, the transmitter shall provide a high
output power with a good linearity and high efficiency. Secondly, the trend in millimetre-wave
backhaul radios is towards multi-level modulation schemes such as 16, 32, 64, 128 and 256
QAM in order to increase the data rate. This sets a strict constraint on the phase noise of the
transceiver local oscillators and the linearity. Therefore, in the project, special building block
developments have been initiated both on the power amplifiers and frequency synthesizers.
These building blocks are intended to be exploited in future 5G commercial millimetre-wave
backhaul transceivers.

Chapter 2 provides a background for the transceiver and building block development by
introducing the used semi-conductor technologies. Furthermore, the state of the art of key
components such as low noise amplifier and power amplifier are addressed.

Chapters 3 and 4 describe the E and V band transceivers used in the MiWaveS link level
demonstrations. These include E and V band backhaul transceivers and transceiver modules
for the access point and user terminal.

Chapter 5 describes the MMIC building blocks developed in the project. For E band, two
alternative local oscillators have been developed. The first design targets flexibility and high
integration level. The second one aims at a very low phase noise by utilizing a four-core VCO
configuration. Power amplifiers have been developed both to V and E band. In the V band PA,
28nm FD-SOI technology has been used whereas, in E band PA, 55nm BiCMOS technology has
been applied.

In Chapter 6, the possibilities to improve the power amplifier efficiency are investigated by
simulations. Likewise, the possible reduction of the EMF exposure at millimetre-wave
frequencies by the front-end design is studied. Chapter 7 concludes the document.
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2.  Millimetre-wave transceiver semiconductor technologies

2.1  Millimetre-wave transceiver architecture and figure of merit

Small cells are a key enabler for future networks and are currently a focus of research
leading to new challenges for the backhaul network because of their dense deployment. The
forecasted rise in traffic demand of mobile users has to be met with new network
architectures. One approach is to centralize signal processing and network management in a
so-called cloud. So backhauling plays an even more crucial role in a cloud-based architecture.
The more processing takes place in the cloud, the more data has to be transported by the
backhaul network. Centralized processing can also only take place if certain latencies can be
met by the backhaul links, because otherwise information on channel states, scheduling,
traffic, demand handshaking feedback might be outdated. These challenges have to be met by
very high capacity backhaul networks; both wired and wireless as well.

The millimetre-wave (mmW) radio has attracted a great deal of interest from academia,
industry, and global standardization bodies due to its ability to provide multi-gigabit rates
required in transmission links for emerging broadband wireless networks. Wireless broadband
access is attractive to operators because of its low construction cost, quick deployment, and
flexibility in providing access to different services. During last few years, wireless equipment
capable of 1 Gb/s and faster speeds has been commercially available using a variety of
different technologies. Some wireless systems can be found that operate at 10 Gb/s and even
as high as 40 Gb/s over short distances. Such speeds have been enabled by global rulemaking,
encouraging high data rate usage of the higher millimetre-wave regions of the spectrum, and
the availability of faster and higher frequency components and devices.

In principle two different millimeter-wave transceiver architectures exist for a
communication system.

VGAG&filter

RF Mixer

Antenna
Zf }LNA :

|
DAC
Q
AC

Ref Clock

Ref Clock i -

Figure 2-1: Simplified block diagram of a super heterodyne image-reject transceiver.

The Figure 2-1 shows a heterodyne image-reject architecture, where the digital bit stream
is converted into the analog domain by mixing to an intermediate frequency via a quadrature
IQ up-conversion. In the second step, the IF signal is further mixed to RF with the millimetre-
wave LO carrier by an image-reject mixer. On the receiver side, the incoming signal is first
down-converted to the IF frequency by an image-reject mixer and finally processed by a
matched filter before digitization for further DSP processing. The main challenge of the
heterodyne architecture is the realization of compact image-reject mixers with a high image-
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reject ratio. An alternative solution often used in today communication is the direct-
conversion architecture shown in Figure 2-2.

vy

) LPF VGA>

(X | LPF %{

[T_—'r
@@ High(Low) E-band RX ILO

@@ High(Low) E-band TX ILO
X LPF VGAZ
PA
i% LPF VG§‘

Figure 2-2: Direct conversion I/Q transceiver.

LNA

il

The direct-conversion principle does not necessitate an image rejection due to the direct
down-conversion to the baseband located around DC. However, an analog quadrature signal
generation is required (using a quadrature VCO, QVCO) and IQ mixing at the transmitter and
receiver which are needed in employing modulation schemes other than amplitude
modulation. The main drawback of the direct-conversion architecture is the generation of DC-
offsets and presence of 1/f noise.

The system requirements motivate the research of transceiver-on-chip and transceiver-in-
package technologies. Advances in millimetre-wave electronics have meant that significant
portions of the system can now be integrated on a single substrate or package. In order to
achieve low cost and high digital integration, silicon-based CMOS or BiCMOS process
technologies are utilized. CMOS is a standard and cost-effective process for building digital
circuits. Unfortunately when compared to more expensive technologies based on Ill-V
semiconductor compounds, such as InP and Gallium Arsenide (GaAs), silicon-based
technologies have greater process variability, lower carrier mobility constants and smaller
device breakdown voltages. This makes millimetre-wave design, especially the design of Low
Noise Amplifiers (LNA), Power Amplifiers (PA) and low phase noise Voltage Controlled
Oscillators (VCOs) particularly challenging [1].

Thus the key performance parameters for a semiconductor technology well suited for
mmW integrated transceiver design can be essentially listed as below:

fr/fmax should be at a minimum 3x and preferably >5x the application frequency
Low loss BEOL in terms of substrate resistivity, top metal thickness and distance
from substrate
Very good CAD process device modelling and parasitic extraction methods (also
based on full 3D electromagnetic CAD tools) to minimize design iterations
Low cost of manufacture and integration scale which are typical for semiconductor
technologies on silicon substrate
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One important disadvantage of a silicon-based semiconductor technology compared to the
-V compound substrate technology is the low resistivity of the substrate. The substrate
resistivity of most modern standard silicon processes is ~10 c¢m, which is many orders of
magnitude lower than that of GaAs (~107 — 10° cm). Signals through the low-resistivity silicon
substrate incur significant losses, especially at millimeter-wave frequencies. However, as
shown in Figure 2-3, the minimum frequency at which the silicon substrate becomes lossless is
a strong function of resistivity. Cut-off frequency at which passive functional devices like CPW,
inductors, filters become lossless (f'c) is much higher compared to the frequency at which
substrate leakage or noise injection dominates (f).

Fe
L \\\
g 100 ¢ T Dielectric (lossless)
I .
2 10F T A
c g . AL
[} . ."‘\ A\\\
= i “m_Transition region ¢ Al 3-dB level f,
[ b . |
b= . f.
S 01l s
3 5N
8 Conductor (lossy) .\\
L "N
0.01—-—.I L P | 1 | " L o3 sl fc
10 100 1000 10000

Silicon substrate resistivity (Q-cm)

Figure 2-3: Dielectric relaxation frequency fc, modified dielectric relaxation frequency f'c, and
3-dB level frequency as a function of silicon substrate resistivity, considering substrate noise
isolation [66].

Furthermore, whereas a GaAs FET can effectively be treated as a three-terminal device,
the existence of the bulk terminal and the body-effect complicate matters for the design on
silicon. Wherever simple layout techniques can be used to minimize the detrimental effects of
the polysilicon gate higher sheet resistance, the low resistivity silicon substrate effects could
be mitigated by the silicon-on-insulator (SOI) process technology. Then future realizations of
such transceivers, towards mature and reliable product development, should be more
compact and consume minimal power for portable applications, as WiGig/IEEE802.11.ad, by
exploiting the higher performance of the CMOS-SOI technology.

In terms of noise parameter performance, while the dual down-conversion avoids flicker
noise degradation at baseband for CMOS technology, a practical noise figure of an LNA is of
the order of 5dB with 5mA current consumption. Simulated minimum noise figures for
transistors in BICMOS and CMOS-SOI technologies are plotted in Figure 2-4, where minimum
noise figure (NFmin) behaves similarly for the HBT and the MOSFET with increasing frequency,
although the source impedance required to get NFmi is generally lower and easier to design
and implement by the input impedance matching in case of the BiCMOS HBT.
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Figure 2-4: Simulated NFmin for SiGe:C HBT and CMOS-SOI FET.
2.2 Silicon technologies for millimetre-wave applications

Pro and contra of the main silicon based technology suited for mm-wave applications are
depicted in Table 2-1.

Table 2-1: Pro and contras of silicon based technologies for millimetre-wave applications.

Technology Pro Contra Notes
RF CMOS High volume yield Low breakdown Switching circuits as
Low wafer cost Low PA output power | MUX/DEMUX, ADC,
High integration Low gain VGA, PLL. LNA and PA
Poor device isolation for short range.
FD-SOI Higher fr and gain Higher wafer cost Back-gate bias for
respect to CMOS. Device models less novel architectures
Low power mature and reconfigurable
High integration Device stacking more operation
Low mask count complex
SiGe Best fr/fuax Higher cost/mm2 mmW transceiver
Best Tx output power Lower integration front end (PA and
and efficiency per capabilities LNA) for longer range
element
Lowest loss BEOL

fr is the frequency at which the current gain is 1 and is strictly dependent from the vertical
and horizontal scaling of the technology node:

for CMOS=> =15 — ) and it scales from iz to L for

2 2
short channel MOSFET
forSiGe=> =2

5 =, where W; is the bipolar transistor base width

In both cases fr increases as the inverse square of the critical device dimension across
which the carriers are in transit. The voltage V7 is fixed for the bipolar transistor, while for the

MOSFET it can be increased by the overdrive term Vg-Vi. While the base width of the bipolar
transistor is a vertical dimension determined by diffusion and then can be made very thin, the

Dissemination level: Public Page 19/ 92




MiWaveS Deliverable D3.6

channel length of a MOSFET is limited by the surface geometry and the photolithographic
process.

fumax is the frequency at which the maximum power gain equals 1, with its input and output
ports conjugate-matched for maximum power transfer, and it is defined as below:

for CMOS => = \/8

for SiGe => =+

8

Process device parasitics have a larger impact on the fuax parameter at a smaller MOSFET
gate length, which results to fuax peak around 65-45nm and then a reduction in the smaller
CMOS node generation. In SiGe BJT, the vertical together with lateral scaling maintains
constant the current to device length ratio for self-heating and current delivery.

The graph in Figure 2-5 compares the silicon based technology performances in term of
fr/fuax ratio. Based upon published data from multiple sources and multiple included
foundries, the data of the graph is not exhaustive. The CMOS metrics are layout dependent
(finger width, standard vs. relaxed pitch, single vs. double gate contacts, number of contacts,
metal levels, etc) and thus some uncertainty in technology comparisons due to differences in
layout, measurement and de-embedding between different sources may be expected.

Technology f1/ fuax

500

450 5x E-band (86GHz)
~ 400
e / SOl SiGefy
= 350
el N - -
»; 300 f1 e CMOS 17

ot x F-band sHz * SOI
‘*E 250 3x E-band (S6GHz) 3 . . JT
-~ Sax SiGe fiyax
oy 200 ] ]
: 150 ()IOE‘fMAX
5x Ka band (Z8GHz) .
100 m SOI fuax
50
0 T T T T T T

180nm 130nm 90nm 65/55 45/40 28nm
Figure 2-5: Silicon based technology comparison.

Progress on SiGe HBJT technology is highlighted in Figure 2-6 where the fr and fuax of the
bipolar transistor are around and beyond 300GHz.

However the performance of the SiGe HBT is no longer a limit for the mmW transceiver
front-end integration, but it is rather the impact of the operating frequency on the quality
factor of the on-chip passive devices, as inductor, capacitor and transmission lines for
matching and tuning and their accurate characterization in the mmW frequency regime.
Advanced BiCMOS and CMOS-SOI processes offer 5-10 interconnect metal layers (inherited
from digital technologies) which may be adapted to design low loss, compact integrated
waveguides. The core back-end stack of the ST's BICMOS055 process consists of eight levels of
copper metallization. The top metal layer is 3 m thick and the distance from the substrate is
about 6 m. The interconnect lines are formed using a damascene process and the chemical
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mechanical polishing (CMP) is used to planarize all metals and dielectrics, providing a better
repeatability of the conductor and oxide thicknesses compared to GaAs. Due to the use of
CMP, though, a uniform density is required on all metals. Thus a floating dummy fill metal is
needed to increase the local density, the large areas of metal, as ground planes, are forced to
have holes and slots. At the end of the metal stack, an aluminum metal layer is added for the
I/0 external connections on pads suited for wire bonding or flip-chip techniques.

40 T T T T T TTTY T T T T T T T T T T T

Vg =05V

5

fI'u'IﬁLX

fr & fuax _'{GHZ)

&

2 (A)

Figure 2-6: fr and fwax versus collector current of ST BiCMOS055 process (CBEBC npn high
speed transistor: Warawn= 0.2um, Lgrawn=5.56um, T=25°C).

2.3 Transmission lines and inductors

Transmission lines (T-lines) are important structures for mmW design. At these
frequencies, the reactive elements needed for matching networks and resonators become
increasingly small, requiring inductance values of the order of 50-250pH. T-lines are inherently
scalable in length and are capable of realizing precise values of small reactance as inductors
and capacitors. Higher Q-factor can be realized for inductors and transmission lines in IC
technologies at mmW compared to lower frequencies. Moreover, the electrical length shrinks
with increasing frequency and therefore less chip area is required for the implementation.

w G w
|« G , | e S, | 1;opmetal
o e ] R R :

] M1 .
= — - SN —
a) Dual coplanar waveguide (CPW)

Wl e S

b) floating shield
pattern L "o

Figure 2-7: Dual coplanar waveguide with a solid ground plane in M1 a) and a floating shield
pattern in M2 b) [2].

The T-line attenuation versus length of unshielded dual coplanar waveguide (CPW) in
BiCMOS is higher (~0.028Np/mm at 60GHz), respect to the loss of a similar structure in CMOS,

direction of
propagation
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which is ~30% lower (~0.02Np/mm at 60GHz) due to the substrate dissipation is negligible in
the insulating substrate with SOI (Figure 2-8). The substrate shielding in BICMOS reduces the
losses to a comparable level with CMOS-SOI (i.e., CPWG in Figure 2-7) or even lower with
SCPW (below ~80GHz). SCPW (or other types of shielding) is ineffective in CMOS-SOI as the
substrate losses are negligible. The strong slowing factor of this example for SCPW in CMOS-
SOl gives rise to increased attenuation (compared to unshielded CPW on SOI) above ~20GHz.

0.03

= =1 -

"

T
-=—Diff-CPW in BICMOS

~+—Diff-CPW in CMOS-SOI — |
~+Diff-CPWG in BICMOS
-=-Diff-SCPW in BiCMOS

-8 Diff-SCPW in CMOS-SOI

0 20 40 60 80 100
Frequency, in GHz

Alpha, in Np/mm (electrical) length

Figure 2-8: CPW attenuation coefficient comparison between CMQOS-SOI and BiCMOS [2].

Having tall vias and thick copper and aluminium higher metal layers, SiGe BiCMOS is the
technology choice to get the best in term of passive component quality factor. However, also
CMOS, with the RF option, acquires thicker copper metal layers, thus providing a quite good
high frequency performance for passive devices.

Inductance on-chip may also be implemented as a multi-turn micro-strip inductor. The
Figure 2-9 summarizes the inductor benefits obtainable from the eight-metal BEOL (back-end
of line) of the ST BICMOSO055 process.

Self
Stack L resonance
frequency

MMW Inductor Coil M8BU From 10pH From 8 From 27GHz
ind_mmw_8m4x0y2z1u Upath M7Z to 1.5nH to 28 to 300GHz
Gnd ring M1

Inductors geometry:

+  Number of coil tums (n): 1 to 4.25
+ Internal coil diameter (d): 10 to 50 ym BN
+ Coil width (w): 0.6 to 4 um

4 .25-turn inductor 3D view
1-turn inductor 3D view

Figure 2-9: Multi-turn inductor properties of ST’s BICMOS055 process.
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2.4 Power Amplifier Applications

Different semiconductor technologies are currently available for wireless power
transmission capable of reaching mmW frequencies. Silicon (CMOS and SiGe) and 1lI-V (GaAs,
InP, GaN) composite materials have been widely used for RF and microwave applications from
low frequencies up to mmW regions. Other new promising materials, such as the graphene
and silicene, are under strong research and could break into the market in near future. These
technologies include several kinds of heterojunction bipolar transistors, field effect transistors,
diodes and passive elements.

Despite the good results obtained for Ill-V compounds and their spreading to market in
recent years, the silicon based devices are still the mainstream semiconductor substrate
material for integrated circuits, mainly due to the following characteristics [3][4]:

Silicon can be grown in very large scale single crystals (200mm - 300mm in silicon
compared to 100mm in GaAs) yielding many low-cost integrated circuits per wafer.
Silicon has a good thermal conductivity allowing efficient removal of dissipated
heat.

Silicon has a good mechanical strength, facilitating ease of handling and
fabrication.

It is easy to make very low resistance ohmic contacts to silicon, thus minimizing
device parasitics.

Silicon is abundant on earth in the form of sand and can be easily purified.

A graphical comparison can be observed in the Figure 2-10, where graph a) shows the
maximum PAE values reported by technology (the study is oriented to the specific range of 71-
85 GHz for any technique employed) and b) shows the maximum Psat values reported by
technology (including multi-stage and multi-cell combinations).
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40 40
N N
/N N
30 r281 30 [aYay |
= X 1<S] @®CMOS g [28] Lo 5( 27] @®CMOS
< 10 msiGe _
w 20—[31] [0 s o 20 *> O o
e A R XInP § X Inp
N | X GaN [10] [21] X GaN
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Figure 2-10: Graphical comparison between different semiconductor technologies for E-band
frequencies.

In addition to the graphical comparison shown in Figure 2-10, an exhaustive state-of-the-
art study on the mmW amplification technologies was performed in the MiWaveS WP3
framework. The following tables present the literature survey of more recent relevant results
for the specific case of E-band frequencies and have been separated by technology to simplify
the comparison.
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Table 2-2: State-of-the-Art in Si-CMOS technology (CS: Common Source, TC: Transformer
Combining, CSC: Cascade, PSD-CSC: Pseudo-Differential Cascade).

Ref Tech Topolo Freg. Gain Psat OP1dB PAE | Voo
' POIOIY 1 GHz) | (@B) | (@Bm) | @Bm) | ) | )
T. Suzuki et.
WKL T 90nm | 4-stagecs 77 8.5 6.3 47 NA | 12
al. [5]
. Lee[ 6‘]%' 3 9onm | 3stagecsc | 6883 | 181 | 118 8.3 6 3
Y. H d
ama%a | 9onm | 3-stageCS 77 20.6 9.4 5 9 1
et.al. [7]
T.Y. Chang 3-stage PSD
90 77 9.9 13.2 11.2 104 1.2
et. al. [8] nm —CsC
VALCL | o im | sestagecs 77 137 | 105 6.7 84 | 1
al. [9]
KX Wang | e i 8-ways TC 79 24.2 193 16.4 192 | 1
et. al. [10]
K.-J. Tsai et.
A e5nm | 3stageCs | 79-106 | 12 14.8 125 87 | 1
al. [11]
-H. Tsai et.
IHTsaet | on | sstagecsc | 69-81 20 12.8 9.5 09 | 24
al. [12]
Table 2-3: State-of-the-Art in SiGe technology.
Freqg. Gain | Psat | OP1dB V
Ref. Topology d PAE (%) «
(GHz) (dB) | (dBm) | (dBm) (V)
0. Katz et. al. [13] 4-stage 84 32 14 11 3 2
E. Afshari et. al. [14] 1-stage x 4 85 8 21 N/A 3.4 N/A
Y. Zhao et. al. [15] 3-stage x 4 84 27 18 16 9 25
R. Yishay et. al. [16] 5-stage X 2 65-82 21 20.1 17.6 11 4
V. Giammello et. al. [17] 3-stage 77 25 14.5 N/A 9 25
A. Komijani et. al [18] 4-stage 77 17 175 145 12.8 1.8
M. Fugan et. al. [19] 3-stage 85 32 16.6 14.6 11.8 3.3
M. Chang et. al. [20] 3-stage x 2 79-97 146 | 176 14.8 9.9 1.7
E Ojefors et al. [21] 2-stage 8 ways 80 26 22 20 8.4 3.3
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Table 2-4: State-of-the-Art in GaAs technology.

Freq. Gain | Psat | OP1dB | PAE | Voo

Ref. Tech.
(GHz) (dB) | (dBm) | (dBm) | (%) | (V)
GotMIC [22] 0.1 pm InGaAs pHEMT 75-90 22 20 19 - 35
Northrop 71-76 19 28
0.1 GaAs pHEMT - 12 4
Grumman [23] HmaAsp 81-86 | 17 | 255
. . 71-76 17 25
GigOptix [24] 0.1 pm GaAs pHEMT 8186 18 ”3 23 - 4
Macom Tec [25] 0.1 um GaAs pHEMT 71-86 15 23 - 8 4
Viper RF [26] 0.1 pm GaAs pHEMT 81-86 10 22 21 - 4
. 71-76 17 18
QuinStar Tec [27] 0.1 um GaAs pHEMT 25 15 4

81-86 15 28.5

Table 2-5: State-of-the-Art in InP technology.

Ref. Tech. Freq. (GHz) | Pout (dBm) | PAE (%) | Vcc (V)
H. Park et. al. [28] 0.25 mm InP HBT 86 20.4 30.4 2.5
S. Daneshgar et. al. [29] | 0.25 mm InP HBT 86 20.8 35 2.5
H. Park et. al. [30] 0.25 mm InP HBT 81 26.7 234 2.75

Table 2-6: State-of-the-Art in GaN technology.

Freq. Pout Gain PAE Voo
Ref. Tech.
(GHz) (dBm) (dB) (%) V)
31 10.5 27.8 10
71-76
34.7 9.5 142 25
A. Brown et. al. [31] 0.15 mm GaN HEMT
30 11.9 24.8 10
81-86
33 11.6 15.3 20
A. Margomenos et. al.
32] 0.14 mm GaN HEMT 10-105 23 19 13.2 12
A. Brown et. al. [33] 0.14 mm GaN HEMT 93.5 315 18 22 12
M. Micovic et. al. [34] | 0.14 mm GaN HEMT 91 30.8 16 20 17.5

If the tables are analyzed in absolute terms, GaN MMICs are unbeatable regarding the
power density even at mmW bands, being capable to deliver 1.5 W (31.7 dBm) by using a
single chip amplifier [34] and up to 5 W (37 dBm) by using power combining techniques [35].
However, some researchers still consider GaN as an immature technology, with a low yield,
high cost, and often questionable reliability at these bands. On the other hand, GaAs
technology offers a cheaper alternative, as well as lower power capabilities (28 dBm, [27]).
GaAs has demonstrated power densities approaching 0.5W/mm at mmW frequencies, and the
cost per square-millimeter is at least a factor of 10 lower than GaN.

The InP HBT and HEMT technologies have also demonstrated good results at these bands.
Today, InP has the capability to operate beyond 200 GHz, reaching the range known as
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terahertz or sub-millimeter wave frequencies. Record PAE values above 30 % and Pout > 26
dBm have been reported at E-bands [36].

Several GaAs and InGaAs pHEMT based solutions are emerging to the market for high
power applications, mainly for low-volume and relatively high cost applications (i.e. the 25
dBm amplifier presented by MACOM Tech). For high-volume applications, large scale
integration (RF blocks can be integrated with analog and digital parts on a single silicon chip)
and high repeatability, Si based technologies, such as several CMOS variants and SiGe BiCMOS
are still the best reliable solutions. However, Si based technologies in wireless transmission at
mmW bands present problems related to the limited transistor output power and gain values.
Consequently, amplifiers typically operate in class A mode to maximize the gain and thereby
reducing the power efficiency. Also the lack of accurate circuit models for passive and active
components presents one challenging problem for silicon RFIC designers. As the frequency of
operation increases, the physical modelling of passive structures becomes more difficult due to
the complexity of radio frequency phenomena like eddy current effects and substrate losses.

2.5  Low Noise Amplifier technologies

Regarding low noise amplifier applications, Ill-V based technologies such as GaAs and InP
have become popular due to their superior performance. GaAs transistors have a wider
bandgap, which leads to a relative insensitivity with respect to heat compared with Si
transistors [37]. Most specifically, GaAs devices have relative lower noise than Si devices at
high frequencies due to lower parasitics. However, in recent years, the speed gap between llI-
V compound and silicon-based technology has significantly decreased.

The silicon-based technologies include CMOS and BiCMOS technologies. Regarding CMOS
technology, the parasitics contribute to an inferior performance in low noise circuits. Most
CMOS technologies are optimized for digital applications, making the design of analog circuits
a demanding task. The enhancement strategy of digital CMOS technologies focuses on the
optimization of transistors rather than of passive devices. However, passive devices such as
inductors, transmission lines, and pads are important for analog designs.

Despite its limitations, CMOS circuits have some unique properties that the SiGe BiCMOS
technology cannot take over nowadays. In general, the BJTs in SiGe BiCMOS technologies have
better noise performance than that of the CMOS technologies [38]. However, with the
aggressive scaling down of the gate length in CMOS technologies, the NFmin of the MQOS
transistor in 65 nm, 40 nm or even 28 nm CMOS process has transcended the record
maintained by the SiGe 0.13um BiCMOS technologies.

Several techniques are proposed for not only the reduction of NF but also improvement of
the gain performance. In this sense, common-source (CS) configuration with inductive source
degeneration and transformer feedback technique is usually adopted to satisfy the low supply
voltage requirements. At higher frequencies, the CS configuration suffers from a low power
gain. Thus, multi-cascade stages are required resulting to a large chip size. To overcome this, in
recent years, a cascade or a multi-cascade topology is adopted for mmW LNA design.

Table 2-7 presents the main characteristics of several mmW LNAs reported using different
multistage and common source and common gate (CG) configurations and also implementing
different inductive networks to resonate with the parasitic capacitances and thereby reducing
the NF. Most of the solutions are implemented in 65nm and 90nm CMOS process.
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Table 2-7: Recent reported LNAs based on CMOS technology.

Ref | Tech (nm) | Freq. (GHz) | NF (dB) | IP_.(dBM) | Peak Gain (dB)
[39] 65 61 3.8 -4.6 10
[40] 65 58 4 -26 23
[41] 90 45 4.73 -15 18.3
[42] 65 58 45 -23 16
[43] 90 60 6.5 N/A 7.5
[44] 65 60 4 -22 18
[45] 90 58 5.5 N/A 14.6

2.6 SiGe, the analog component of BiCMOS technology

Since its formulation in 1965, Moore’s law has always been respected. So much that it has
become a target for engineers and researchers working on silicon integrated circuits. The
number of transistors used in processors has doubled every 24 months. To reach this
objective, the International Technology Roadmap for Semiconductors (ITRS) recommends
three dimensional (3D) scaling for active components like transistors, and for interconnections
too. However silicon technology nodes are commonly referred by their minimum transistor
gate length.

MMICs at millimetre-wave frequencies were first designed by using IlI-V compound
technologies such as GaAs or InP. First publications of 60GHz Ill-V technologies actually date
from the mid-1990s. During 10 years, only IlI-V technologies were used for mmW as such
frequencies were exclusively used for military and space applications. However, in mid-2000s
low-cost technologies were requested by the emergence of mass market applications.
Between 2004 and 2007, most of the mmW publications concern BiCMOS SiGe technologies.
When mmW in SiGe technologies became competitive, the focus has migrated progressively to
CMOS technologies. Since 2007, the majority of the publications effectively concern CMOS
technologies.

As an example, at the end of 2009, the 65nm node was is a quite old CMOS process as the
45nm node was replacing it in production. Currently, semiconductor manufacturers are
adapting experimental processes of 32 and 22nm nodes to a large scale production.

This recurrent scaling results to an increase in digital circuit performance. But this is not
true for analog and RF components. As ft and fmax technology parameters increase, the speed
increases too, enabling the use of the elementary active component at higher frequencies. But
the maximum generated power decreases as the transistors becomes smaller. The 3D scaling
of interconnections generates more losses in passive devices.

Another advantage of silicon technologies is the co-integration of digital blocks with the
analog and RF ones. The resulting chip is then smaller. This also minimizes the loss due to the
block interconnections. Ideally, we should be able to integrate a full transceiver with the digital
signal processor, the analog/RF front-end (up-converter, amplifier and filter) and the antenna
on a single chip.

Two silicon technologies are widely used in production: the well-known CMOS and the
Silicon-Germanium BiCMOS (SiGe). Considering the same technology node, SiGe provides a
better performance than CMOS technology with a notably higher output power and better
performance in terms of cutoff and maximum frequencies. However the technology nodes are
not developed simultaneously in SiGe and in CMOS. When the ultimate SiGe technology is
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0.12um, CMOS technologies are produced in 65nm. Thus considering this technology node
status difference, SiGe and CMOS technologies will advance the RF or the digital components
respectively. Choosing between SiGe and CMOS technologies for a fully integrated transmitter
that comprises both the RF transceiver and the baseband digital signal processor will hence be
a trade-off between the cost of the global chip and the performance of both digital and RF
parts of the chip. However, considering only the RF performance, SiGe technologies are often
ranked before CMOS ones as it has occurred in 60GHz applications.

2.7  65nm CMOS technology

The 65nm CMOS process is an advanced lithographic node which is used in volume CMOS
fabrication. The SiGe BiCMOS technology highly reduces the cost of mmW transceivers with
respect to Ill-V technologies. However, SiGe is only an intermediate technology step in order to
reach very low cost products in CMOS technologies.

In the 65nm CMOS transceiver circuit, we use the standard 65nm LP technology. The
MOSFET has demonstrated the performance level which is required in millimeter-wave
applications. The ft and fmax of the CMOS 65nm LP are respectively 160 and 200GHz.
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Figure 2-11: fna and f; of various CMOS nodes.

The vertical shrink of the Back-End Of Line (BEOL) from one CMOS node to the next one
penalizes the performance:
The small metal pitch and thin dielectrics give rise to a low Q factor in inductors
and micro-strip transmission lines.
The low resistivity in the upper section of the bulb increases attenuation constant
in coplanar transmission lines.

Solutions:

1. Increasing the BEOL:

e Dedicated technology: BICMOS9MW, BiCMOS 55nm
e 7 or more metal layer BEOL: CMOS 65nm

2. Increasing the substrate resistivity by CMOS SOI

Technology description for 65nm CMOS65LPGP (Low Power General Purpose)
e 65nm mixed A/D/RF CMOS SLP/7LM (triple Well)
e Gate length: 65nm (drawn)
e 7 Cumetal layers
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e Low k inter-level dielectric (k=2,9)
e Power supply: 2.5V, 1.8V, 1.2V, 1V
e Multiple Vt transistor offering
= High Density of integration: 800kgates/mm?2.

Applications: General purpose, Analog/RF/mmW capabilities

65nm node  130nm node mmW dedicated BEOL

Figure 2-12: Technology stack.

2.8 28nm FD-SOI technology

ST, together with its partners, alternatively introduces new innovations in silicon process
technology that incrementally leverage existing manufacturing approaches. Fully Depleted
Silicon on Insulator, or FD-SOI, is a planar process technology that delivers the benefits of
reduced silicon geometries while actually simplifying the manufacturing process.

¢ Gate

Source ! Drain

éhannel

Qurce Drain

Buried Oxide ((:{0)9)

Figure 2-13: CMOS 28nm FD-SOI transistor.

Fully Depleted Silicon on Insulator, or FD-SOI, is a planar process technology that relies on
two primary innovations. First, an ultra-thin layer of insulator, called the buried oxide, is
positioned on top of the base silicon. Then, a very thin silicon film implements the transistor
channel. Thanks to its thinness, there is no need to dope the channel, thus making the
transistor Fully Depleted. These innovations are called “ultra-thin body and buried oxide fully
depleted SOI” or UTBB-FD-SOI.
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By construction, FD-SOI enables much better transistor electrostatic characteristics
compared to conventional bulk technology. The buried oxide layer lowers the parasitic
capacitance between the source and drain. It also efficiently confines the electrons flowing
from the source to the drain, dramatically reducing performance degrading leakage currents.
FD-SOI technology enables the control of the transistor behaviour not only through the gate,
but also by polarizing the substrate underneath the device, similarly to the body bias available
in bulk technology.

Source " Deain

Figure 2-14: FD-SOI allows efficient transistor control.

In bulk technology, body biasing is very limited, due to the parasitic current leakage and
inefficiency at the reduced transistor geometry. Thanks to the transistor construction in FD-SOI
and its ultra-thin insulator layer, biasing is much more efficient. Also, the presence of the
buried oxide allows the application of higher biasing voltages, resulting to the dynamic
breakthrough control of the transistor. When the polarization of the substrate is positive
“Forward Body Biasing” or FBB the transistor can be switched faster. This provides an
extremely powerful technique to optimize the performance and power consumption. Easy to
implement, FBB can be modulated dynamically during the transistor operation, bringing a
great flexibility for designers and letting them to design the circuits to be faster when required
and more energy efficient when the performance is not as critical.

2.8.1 Benefits for analog design

FD-SOI also brings many advantages to analog design (Figure 2-15). The total dielectric
isolation of the channel allows a lower gate capacitance and leakage currents, as well as the
benefit of the total latch-up immunity. Moreover, the absence of the channel doping and
pocket implants in the fully depleted transistor produce a lower noise figure and higher gain
(up to 15dB) when compared to bulk technologies. All this translates to smaller and simpler
analog circuits, with a higher performance at lower operating power consumption.

2.9  BIiCMOS 55nm technology

BiCMOS55 SiGel technology has been developed for energy-efficient, high-capacity
transmission systems in next-generation mobile networks. Skyrocketing mobile-data usage
requires networks to support greater capacity and higher data rates. This places new
challenges on the backhaul infrastructure, accelerating the transition to advanced network
architectures, such as Heterogeneous Network and Cloud RAN (Radio Access Network), and
higher frequency bands (such as the E-band), where more spectrum is available to support
faster data-rate channels.

To build these super-efficient mobile networks, equipment manufacturers need high-
performance electronic components that combine large-scale chip integration, reduced power
consumption, and optimized cost. BICMOS55 SiGe technology provides Heterojunction Bipolar
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Transistors (HBT) with Ft up to 320 GHz in 55nm lithography. This technology allows the
integration of the high-frequency analog section with high-performance, dense digital blocks
such as logic, AD/DA converters, and memories (Figure 2-16).

BiCMOS055 features a unique combination between CMOS node, SiGe HBT and mmwW
passives performances. Digital density offered in B55 is 5 and 3 times larger compared to other
existing BiCMOS technology in 130 and 90 nm respectively. It will serve demanding optical,
wireless and high-performance analog applications for which high gain, low noise and low
power consumption are required.
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Figure 2-15: FD-SOI advantages for analog design.

SiGe NPN HBTs

High-Speed, Medium-Voltage?
& High-Voltage?

Thick copper BEOL + MIM5
Transmission lines

Inductors, ...

55-nm SiGe BICMOS technology
for very high frequency applications

Optical networking & instrumentation up fo 400 Gb/s
Imaging for medical and security applications up fo 160 GHz
Industrial and automotive sensors up to 120 GHz

High data rate wireless communications, ...

BICMOS035

55nm LP/GP CMOS devices

(CO55LPGP)

+

With specific MOS varactors

Figure 2-16: BICMOS B55nm platform overview.
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3.  MiWaves Transceivers

3.1 E band GaAs transceiver
3.1.1 Introduction

Sivers IMA has designed and shared E-band transceiver units within the MiWaveS project.
Controller/power cards have also been designed and delivered for an easy usage and
operation of the transceiver. The transceivers and controller/power boards are used by
National Instruments and Nokia in their E-band demonstrators within the project. Photos of
the transceiver and controller/power board are presented in Figure 3-1 and Figure 3-2,
respectively.

Figure 3-2: Controller/power board associated to the E-band transceiver.
3.1.2 Design
3.1.2.1 Overview

The transceiver is a key building block for any E-band radio link application. Each unit
consists of one up- and one down-converter which operate independently of each other. Low
frequency (IF) input/output and intermediate frequency reference (LO) input signal are
supplied through industry-standard SMA coaxial connectors. The high-frequency E-band (RF)
output/input is compatible with a standard WR12 waveguide flange.
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The transceiver and the controller/board are connected through a 20-pin flat cable. The
board is fed with a single DC voltage which in turn feeds the transceiver with all appropriate
voltages. The transceiver can then be controlled from any computer through the
controller/power using a standard USB cable.

All'in all, the designed transceiver and controller/power board make up an easy-to-use E-
band front-end suitable for any experiments where a signal needs to be up/down-converted
to/from the E-band with a minimal of distortion.

3.1.2.2 Transceiver

A simplified block diagram of the E-band transceiver is found in Figure 3-3. The active high-
frequency E-band circuitries of the transceiver are all commercial GaAs MMICs. These MMICs
are mounted on a copper-backed Teflon (PTFE) printed circuit board (PCB) using a standard
gold wire bonding technique. This allows a good performance and moderate cost in small and
medium volume.

The receiver (RX) is based on a low noise amplifier (LNA) feeding an IQ balanced mixer. The
used commercial GaAs LNA is HMC-ALH509 from Hittite / Analog Devices, [46]. S-parameters
of the LNA (extracted from the datasheet) are found in Figure 3-4. The gain is modest and
therefore two such LNAs are used in series in order not to degrade the overall noise figure of
the receiver. In order to facilitate an easy usage of the transceiver, an integrated multiply-by-
six (x6) circuit feeds the 1Q mixer with the sought E-band (71-86 GHz) LO signal. The input to
the transceiver is then one sixth of this E-band LO signal, i.e. the input signal is 11.8-14.4 GHz
which is much more convenient to handle for the user compared to a 71-86 GHz signal.

The transmitter (TX) uses the same x6 and IQ balanced mixer as the RX. The used
commercial GaAs PA is HMC-AUH318 from Hittite / Analog Devices, [47]. S-parameters of the
PA (extracted from the datasheet) are found in Figure 3-5. Neither the 1 dB compression point
(CP1dB) nor saturated output power (Psat) are very high. It is thus important with a relatively
high TX gain at E band frequencies to ensure a good linearity. Two PAs are therefore
connected in series in the transmitter. When the mixer is used at TX, the balanced property is
crucial to minimize the unwanted LO leakage to the power amplifier (PA) at the output of the
TX.

The transceiver contains a microcontroller that allows to the user to turn the RX and TX on
and off, independently of each other, over a USB interface from any PC. The user can also
change the gain of the RX and TX through the same USB interface. The transceiver is biased by
a +7 and -7 V and consumes a typical overall current of 760 mA when all parts of the
transceiver are turned on. These +/- 7 V shall be applied in sequence, i.e. the -7 V needs to be
applied before the +7 V for powering up the transceiver. A reverse sequencing is needed to
power down. However, when the controller/power board is used together with the
transceiver, this sequencing is handled by that board which simplifies the use of the
transceiver.
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Figure 3-3: Simplified block diagram of the E-band transceiver.
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Figure 3-4: S-parameters of the used commercial GaAs LNA “HMC-ALH509”.
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Figure 3-5: S-parameters of the used commercial GaAs PA “HMC-AUH318".

3.1.2.3 Controller/power board

The purpose of the controller/power board is to simplify the usage of the transceiver. The
transceiver and the controller board communicate over a standard 12C interface using a 20-pin
flat cable and it is possible for the user to operate the transceiver with any compatible 12C
controller. But for an easy usage in the lab and/or for demonstrators, the controller/power
board reduces the set-up time significantly compared to the case when the user needs to
provide all external hardware. The controller/power board also reduce the requirements on
DC voltages supplied by the user.

Overall, DC voltages in the range of 18-25 V are applied to the controller/power board
which in turn feeds the transceiver with all appropriate voltages in the correct order. As an
example, a nominal 24 V input draws approximately 50 and 400 mA when all parts of the
transceiver are turned off and on, respectively. The board also ensures that the sequencing of
the DC voltages to the transceiver is correct when switching the transceiver on and off.

The transceiver can then be controlled through the controller/power board using a
standard USB cable. When the control board is connected to a computer for the first time, its
USB drivers are installed. Once the drivers are installed, the computer recognizes the control
board automatically in the future.

3.1.3 Interface description
3.1.3.1 Transceiver

An outline drawing showing dimensions and interfaces of the E-band transceiver is found
in Figure 3-6. The relatively thick metal baseplate ensures a mechanical support and provides
cooling for the overall transceiver. There are four mounting holes on the baseplate that can be
used to mount the transceiver to a larger mechanic.
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All electrical interfaces are specified in Table 3-1. The pin designation of the control and
bias connector is found in Table 3-2. Note that this control and bias connector can be
considered as an internal connector when the transceiver is used together with the
control/power board. Thus, there is nothing that the user needs to bother about.

The maximum level ratings of the RF and IF interfaces are limited by the breakdown
voltages of the used GaAs E-band MMICs. The maximum applied RF power at E-band WR12
input RX waveguide is calculated to be -30 dBm. The maximum applied IF power to the I and Q
input TX SMAs are +3 dBm at each connector. The power range of LO signal is defined in
Section 3.1.4.

Table 3-1: Mechanical interfaces of the transceiver.

Waveguide input/output WR 12 Compatible with UG-387/U
Control and bias connector Molex 52893-2095
IF connectors SMA female

Table 3-2: Pin designation of the transceiver control and bias connector.

Pins Designator
1,6,9,12,19 GND

2,3,4,5 VDD, +7V

7,8 VSS, -7V

18 12C-SCL bus clock
20 12C-SDA bus data
10, 11, 13, 14, 15, 16, 17 NC, no connect

3.1.3.2 Controller/power board

An outline showing the dimensions and interfaces of the controller/power board is shown
in Figure 3-7. Note that the only ports that are operated by the user are the DC input and the
USB connection. The mechanical interfaces are specified in Table 3-3. The pin configuration is
according to Table 3-2 but mirrored.

Table 3-3: Mechanical interfaces of the Controller/Power board.
DC input Compatible with 2.1 mm power supply plugs NES/J 21,
NES/J 21 W, NES/J 210, XNES/J 21020 pin ZIF connector

Control and bias connector Molex 52893-2095

USB Connection Mini-B USB

3.1.4 RF performance

3.1.4.1 Receiver (RX)

The input/output parameters of the receiver (RX) part of the transceiver are summarized
in Table 3-4. These parameters are definitive by nature and are well described in the table. For
the actual RF performance, it is thought to be more informative to present typical figures of
key performance.

The gain of the RX is defined as the ratio (in dB) between the input (71-76 GHz) RF signal
and the output (1-6 GHz) IF signal. It varies over frequency and since there are three
frequencies that can be varied (RF, LO, and IF), there exist many different frequency
combinations. However, if RF and IF bandwidths are to be fully utilized, an E-band LO signal of
77 GHz (corresponding to 12.83 GHz LO input at the SMA connector) is the best choice. A
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typical average gain versus the RF frequency with 77 GHz LO frequency is plotted in Figure 3-8.
As can be seen in the figure, a typical gain of 14 dB is found at 71-76 GHz.
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Figure 3-6: Outline and interfaces of the transceiver.
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Figure 3-7: Outline and interfaces of the Controller/Power board.

Table 3-4: RX input/output parameters.

Parameter Min Typical Max

RF input frequency 71 GHz 76 GHz
IF output frequency 1 GHz 6 GHz
RF input return loss 10dB

IF input return loss 10dB

LO input frequency* 11.8 GHz 14.4 GHz
LO input level 6 dBm

*LO signal is entered at 1/6th of the sought operating frequency and internally multiplied

The Noise Figure (NF) is in many applications the most important parameter of the
receiver. This is especially true in long range communications where the NF of the RX often is
the limiting factor for the upper limit on the range of a link hop. As for the gain, NF varies over
frequency but with a LO frequency of 77 GHz, the full 71-76 GHz range can be covered and this
is plotted in Figure 3-9. As can be seen from the figure, a typical NF of 5 dB is found at 71-76
GHz.

If a long range communication often is limited by the receiver NF, a short range
communication is often limited by the receiver non-linearity. In other words, the dynamic
range of the RX is limited by NF on the lower side and non-linearity on the upper side of the
input power range. The fundamental, third, and fifth order tones versus RF input power are
plotted in Figure 3-10.
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Figure 3-9: Typical average Noise Factor versus RF frequency for RX, fi.o = 77 GHz.

The first obvious point of interest is the 1 dB compression point (CP1dB). This can not be
directly read from Figure 3-10 since CP1dB almost always is defined as a one-tone
measurement and Figure 3-10 shows the two-tone response. The difference in CP1dB between
a one- and two-tone measurement setup is typically in the range of 3-6 dB due to the power of
higher order tones. That is, CP1dB will typically be 3-6 dB higher in a one-tone measurement
compared to a two-tone setup. However, based on this reasoning, CP1dB occurs at higher
input powers than -30 dBm. And, as mentioned in Section 3.1.3.1, the maximum allowed input
RF power to the RX is -30 dBm. Thus, the highest usable input power to the RX is -30 dBm and
limited by the max rating rather than CP1dB.

From Figure 3-10, it is also possible to extract 1IP3 and IIP5 figures. These figures are
theoretical by nature and often looking at the actual intermodulation levels is a better way to
understand the intermodulation performance.

A summary of the typical RF RX performance is presented in Table 3-5. This table is a
complement to Table 3-4 which contains input/output parameters.
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Table 3-5: Typical RF performance — RX.

Parameter Value
Gain 14 dB
Noise Figure 5dB
CP1dB/Max input pwr -30 dBm
1IP3 -12 dBm
IIP5 -11 dBm
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Figure 3-10: Typical RX non-linearity, frr = 73.5 GHz, fio = 78 GHz, fir = 4.5 GHz.

IF output power per tone (dBm)

3.1.4.2 Transmitter (TX)

The input/output parameters of the transmitter (TX) part of the transceiver are
summarized in Table 3-6. These parameters are definitive by nature and are well described in
the table. For the actual RF performance, it is thought to be more informative by presenting
typical figures of the key performance.

The gain of the TX is defined as the ratio (in dB) between the input (1-6 GHz) IF signal and
the output (71-76 GHz) RF signal. It varies over frequency and since there are three
frequencies that can be varied (RF, LO, and IF), the different frequency combinations are
almost endless. However, if RF and IF bandwidths are to be fully utilized, an E-band LO signal of
77 GHz (corresponding to 12.83 GHz LO input at the SMA connector) is the best choice. The
average-gain versus the IF frequency with 77 GHz LO frequency is plotted in Figure 3-11. Note
that the X-axis is in reverse order versus RF due to the lower sideband up-conversion. E.g. an IF
of 6 GHz corresponds to an RF of (77-6 =) 71 GHz. As can be seen in the figure, a typical gain of
30 dB is found at 71-76 GHz.
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While the NF is one of the most important parameters for RX, the output power is one of
the most important parameters for TX. The typical output RF power versus the input IF power
is presented in Figure 3-12 together with a line of unity slope. The output 1 dB compression
point (CP1dB) of 17 dBm can be extracted from the same figure. The importance of the
maximum RF output power depends on the modulation used in the system. As also seen in
Figure 3-12, the maximum saturated RF power is typically 20 dBm. Furthermore, the maximum
output RF power versus IF frequency is plotted in Figure 3-13. Again, please note that X-axis is
in reverse order versus RF due to the lower sideband up-conversion. E.g. an IF of 6 GHz
corresponds to an RF of (77-6 =) 71 GHz. As can be seen in the figure, a typical max output RF
power of 20 dBm is found at 71-76 GHz.

Table 3-6: TX input/output parameters.

Parameter Min Typical Max

RF input frequency 71 GHz 76 GHz
IF output frequency 1 GHz 6 GHz

RF input return loss 10dB

IF input return loss 10dB

LO input frequency* 11.8 GHz 14.4 GHz
LO input level 6 dBm

Noise power density at -65 dBm/MHz

waveguide output **

*LO signal is entered at 1/6th of the sought operating frequency and internally multiplied
**Estimated theoretical value, excluding spurious signals and LO leakage.

Non-linearity’s are also very important for TX. Third and fifth order tones are plotted in
Figure 3-14 together with the fundamental using a two-tone test. As was discussed for RX, the
output power levels are lower when a two-tone test is applied instead of a single tone. Thus,
the saturated fundamental output power in Figure 3-14 is typically 5 dB lower compared to the
same parameter in Figure 3-12.

From Figure 3-14, it is also possible to extract OIP3 and OIP5 figures. These figures are
theoretical by nature and looking at the actual intermodulation levels is often a better way to
understand the intermodulation performance.
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Figure 3-11: Typical average RF gain versus IF frequency for TX, fi.o = 77 GHz.
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Figure 3-12: Typical output RF power versus input IF power for TX,
fre = 73.5 GHz, fio = 77 GHz, fir = 3.5 GHz.
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Figure 3-13: Typical max output power versus IF frequency for TX, fio = 77 GHz.

The nonlinearity’s plotted in Figure 3-14 show the unwanted tones in the output spectrum
that was created in the TX itself due to the intrinsic non-linear behaviour mainly found in the
last power amplifier stage. Apart from these unwanted tones, there also exist spurious tones
including residual LO harmonics and unwanted mixing products. The most prominent among
these tones is typically the x6 LO tone, i.e. the fundamental LO power found at E-band. This
residual LO tone is created in the integrated x6 multiplier and leaks through the balanced
mixer due to its imbalances. Since this tone is in-band, it will be amplified by the subsequent
power amplifier stages and is thus always present at the output RF E-band waveguide port. In
many systems, this residual LO power needs to be removed by filtering, typically in a diplexer
which separates the RX and TX port with high-Q filters for frequency division duplex (FDD)
systems.

The residual LO output power found at the RF E-band output waveguide port is plotted in
Figure 3-15 versus LO frequency. Due to a limitation in the test-setup, only LO frequencies
above 72 GHz were possible to characterize. As seen in the figure, the residual LO output
power varies over frequency but is typically in the order of 10 dBm.
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A summary of typical RF TX performance is presented in Table 3-7. This table is a
complement to Table 3-6 which contains input/output parameters.
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Figure 3-14: Typical non-linearity’s for TX, fre = 73.5 GHz, fio = 78 GHz, fir = 4.5 GHz.
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Figure 3-15: Typical residual LO power at RF output port versus LO frequency for TX.
Table 3-7: Typical RF performance — TX.

Parameter Value

Gain 30dB

Max Saturated RF output power 20dBm
CP1dB 17 dBm
OIP3 26 dBm
OIP5 26 dBm
Residual LO power @ RF port 10 dBm
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3.1.5 Upgrade for MiWaveS TDD backhaul radio demonstration

Sections 3.1.1 to 3.1.4 describe the controller/power board and the transceiver designed
by Sivers IMA and used within MiWaveS. These units are used in demonstrators to measure
wireless backhaul transmission reaching several Gbps.

When the system definition work was finalized in the project, it was decided to use time
division duplex (TDD). That means that either the TX or RX is used in the transceiver unit at one
time. Thus, TX and RX are never used simultaneously in the same transceiver. Within
MiWaveS, the switching of TX and RX on/off is done by switching the TX-LO and RX-LO
synthesizers on/off. Also an IF frequency converter stage was added to the transceiver. This
auxiliary converter down and up-converts the broadband IF signal to the baseband frequency.
Moreover, a SP2T waveguide switch was installed to the TX and RX WR12 waveguide ports in
order to prevent the PA broadband noise from penetrating to the receiver input.

Finally, a mechanical supportive structure was designed by Sivers IMA for the E-band
demonstrator. The mechanical support integrates the E band transceiver, the SP2T waveguide
switch, and the antenna into one unit. A screenshot of the 3D CAD model of the supportive
structure is shown in Figure 3-16.

Switch

Figure 3-16: Mechanical drawing of E-band backhaul demonstrator.

3.1.6 Performance comparison with the state-of-the-art

Very few packaged E-band transceivers are published in the open literature. Most
publications do instead focus on the bare die performance. But a probed bare die will always
possess a better performance than a packaged solution. It is thus not a relevant comparison to
compare a bare die performance with a packaged transceiver.

Table 3-8 and Table 3-9 compare the transceiver from Sivers IMA presented in this report
with other packaged transceivers found in the open literature. From Table 3-8, it is clear that
the RX of the presented transceiver possess a broad IF bandwidth and low noise figure
compared to the state-of-the-art. The IF range locates in the frequency range where
commercial IF components are readily available. From Table 3-9, it is clear that the TX of the
presented transceiver possess also a broad IF bandwidth and similar output power and
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linearity compared to the state-of-the-art. As for the RX, the IF range is situated in a frequency
range where commercial IF components are readily available.

All in all, the presented E-band transceiver is a well performing and easy-to-use E-band
up/down-converter.

Table 3-8: Comparison of RF performance with the state-of-the-art — RX.

Parameter — RX This work [48] [49] [50]
RF frequency 71-76 GHz 71-76 GHz 81-86 GHz 71-76 GHz
IF frequency 1-6 GHz 0.05-0.5 GHz 11 GHz 0-1 GHz
LOinput frequency  11.8-14.4 GHz Internal LO 11.2-12.5GHz Internal LO
Gain 14 dB - 4.5dB 20dB
Noise Figure 5dB 10dB - 8dB
CP1dB/ -30dBm - - -

Max input pwr
[P3 -12dBm - - -14 dBm
[IPS -11 dBm - - -

Table 3-9: Comparison of RF performance with the state-of-the-art — TX.

Parameter — TX This work [48] [49] [50]
RF frequency 71-76 GHz 71-76 GHz 71-76 GHz 71-76 GHz
IF frequency 1-6 GHz 0.05-0.5 GHz 13.4 GHz 0-1 GHz
LO input frequency 11.8-14.4 GHz Internal LO 13.6-14.9 GHz Internal LO
Gain 30dB - - 25dB
Max RF Output Pwr 20 dBm 22 dBm - 18 dBm
CP1dB 17 dBm - 19 dBm 16 dBm
OIP3 26 dBm 27 dBm - 23 dBm
OIP5 26 dBm
Residual LO-pwr @ RF 10 dBm

3.2 V band 65nm CMOS transceiver
3.2.1 Description of the transceiver

This section describes the 60 GHz transceiver module from ST-Fr and CEA. The BGA module
is a fully integrated 60GHz transceiver module in a standard 65nm CMOS technology and a low
cost 60 GHz package realized in HDI organic technology (BGA substrate).

The transceiver (Figure 3-17) consists of a zero sliding IF transceiver in which the LO
frequencies are related to the RF frequency as follows: Fo1=Fi02/2=Fre/3. The RX and the TX
share a common frequency synthesis phase-locked to an external reference clock at 36MHz.
The chip includes a serial bus interface that encodes the channel selection, configures the
analogue parts and manages the power.
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Figure 3-17: ST-Fr transceiver block diagram.

For the receiver, the required sensitivity is -50 dBm while the maximum power at the
receiver is set to -24 dBm. This 26 dB dynamic range has to be tackled by the Automatic Gain
Control (AGC) loop within the receiver.

TX up-conversion chain includes two differential | and Q filters. The modulator is
composed of mixers with tunable loads. | and Q IF signals are combined into the up-converter
(20 GHz to the 60 GHz).

A programmable 20 GHz PLL with quadratic VCO is locked on a clock reference at 36 MHz.
At the receiver side, the Low Noise Amplifier, the 20 GHz IF amplifier and the Variable Gain
Amplifier gains are digitally controllable (Automatic Gain Control). Internal 12C registers
manage the selection of the 60 GHz channel and the polarization of the different stages.

3.2.2 Transmitter chain description

The transmitter is a dual-conversion arrangement with a sliding 2nd-IF of approximately 20
GHz, offering a robust performance in the presence of typical process and temperature
variations. It shares the same local oscillator block with the receiver which conserves Si area.
For the transmitter ST-Fr has not developed an analogue power control.

3.2.2.1 IF to mmW transmitter design: Up-conversion chain

The TX up-conversion chain schematic is shown in Figure 3-18. The IQ mixers are
composed of double balanced Gilbert cells with tunable loads. Each one is followed by a 20
GHz IF amplifier that uses cascade transistors and tunable load. | and Q IF signals are combined
into the final up-converter (20 GHz to 60 GHz).

For that purpose, the mixer has two parallel differential gm cells into which | and Q signals
are injected. The current sum is performed on the drains of the trans-conductors. The micros-
trip transmission lines located between the trans-conductors and the mixer switching
transistors are used for two reasons: to bring the trans-conductors gates and the switching
transistors gates close to the IFA output and close to the 40 GHz LO buffer output respectively
(layout and interconnection constrains). Second, they offer a better matching between the
trans-conductors and the switching transistors for higher conversion gain. The mixer
differential output is matched at the RF frequency (60 GHz) for a maximum power transfer to
the pre-power amplifier with serial and parallel micro-strip lines.
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Figure 3-18: Up conversion chain of the TX.

3.2.2.2 Pre-power amplifier

The main concern in CMOS power amplifier design is the transistor reliability. Hot carrier
injection (HCI) and time dependent dielectric breakdown (TDDB) are the two main causes of
nMOS transistor’s failure. Time domain voltage simulations on transistor nodes at the most
extreme dynamic operating point (saturated output power case in a power amplifier) can
confirm that the voltage exposure of the gate does not exceed the maximum allowed voltage.
Thus, to ensure a given lifetime for a specific power amplifier, DC voltage and RF signal swing
must be examined. The cascade topology improves the reliability at design level because it
guarantees a higher DC/RF lifetime by dividing the voltage supply between the drain and
source of both the common gate transistor and the common source transistor.

Pre-power amplifier

T v ¢ R

Figure 3-19: Schematic of the pre-power amplifier with differential input and single ended
output.

The implemented PPA schematic is shown in Figure 3-19. It has two differential nMOS
cascade stages. The input, inter-stage and output matching networks are made with vertically
coupled transformers combined with micro-strip transmission lines. The stability of the
cascade configuration is improved by the RC network connected to the gate of the common
gate transistor (M2, M4).

This confirms the TDDB and HCI reliability. Finally, the output pad ESD protection is
ensured by the secondary turn of the transformer which shortcuts any signal outside the
frequency band of the circuit. Figure 3-20 gives the measured power gain (14 dB to 16.4 dB)
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and output power (13 dBm Psat) of a standalone version for each standard channel center
frequency. The output 1 dB compression point is 7-8 dBm and the power added efficiency 7-
8%. S parameter measurements show that power gain 3 dB bandwidth spans from 48.5 to 69.5
GHz.

Gain (dB), Pout (dBm)
N O
| \%

14 4

18
-35 -30 -25 -20 -15 -10 5 0 5 10
Pin (dBm)

Figure 3-20: Measured output power and power gain of the PPA for each channel centre
frequency.

3.2.2.3 Transmitter performance

Table 3-10 shows all data versus TX channel (1 up to 4). The total power consumption of
the transmitter is 652mW at nominal supply voltage. In summary the TX performance is the
following: Psat 7.2 dBm, conversion gain >22dB, I/Q mismatch +/- 0.5dB, 2°and TX power
consumption around 650 mW typical.

3.2.3 Receiver chain description

The signal from the antenna connector reaches the input of the RFIC where it is amplified
by a Low Noise Amplifier (LNA). The LNA is controlled by a digital line which switches between
high-low gains. The signal is then down-converted first to an intermediate frequency, amplified
by an amplifier AGCO (also controlled by a digital line) and next down-converted to the base
band. The IFA is also controlled by a digital line.

The LO coupling in the second stage and the sub-harmonic signal at 20 GHz in the first
stage will generate a DC offset component that is ideally filtered out at the baseband and
cancelled out by a counter phase signal from calibration DAC. Any residual error will be further
cancelled digitally. The accuracy of this phase will limit the performance of the receiver,
especially in the highest throughput case.

The aggregated signal, i.e. useful signal plus the residual DCO component, is filtered by a
baseband filter to reduce the interference due to adjacent and alternate channel interferers.
The filter also includes a variable gain with control granularity, before being quantised by the
ADC.

The target ADC is an ADC over sampled at 2640 MHz and is capable of handling over
voltage signals without having to reset the ADC. The AGC has a feedback to control digitally the
signal level at the ADC input. The AGC is controlled by 5 digital lines.
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Table 3-10: 60GHz CMOS transceiver measured TX performance.

Specifications Voltage -5% Nominal Voltage+5% Units Conditions
Voltage

Frequency Range 57-66 57-66 57-66 GHz
Modulation Bandwidth 1.76 1.76 1.76 GHz

| Consumption
Total Consumption 548 652 722 mwW

[ TX Channel 1
OCP1db 3.3 49 6.5 dBm Tx Filter off
OCP1db 35 5.1 6.1 dBm Tx Filter On
Psat 7.5 9.5 10.7 dBm Tx Filter off
Psat 7.4 9.4 104 dBm Tx Filter On
Gain 22 25 28 dB Tx Filter off
Gain 19 22 24 dB Tx Filter On
Bandwidth 1.2 1.2 1.2 GHz Tx Filter off
Bandwidth 0.65 0.65 0.65 GHz Tx Filter On
Phase Noise @ 1MHz -92 dBc/Hz @58.5 GHz

| TX Channel 2
OCP1db 3.3 4.2 5.0 dBm Tx Filter off
OCP1db 34 4.4 4.7 dBm Tx Filter On
Psat 7.6 8.8 9.5 dBm Tx Filter off
Psat 75 8.5 9.3 dBm Tx Filter On
Gain 25 27 28 dB Tx Filter off
Gain 21 23 24 dB Tx Filter On
Bandwidth 1.0 1.0 1.0 GHz Tx Filter off
Bandwidth 0.65 0.65 0.65 GHz Tx Filter On
Phase Noise @ 1MHz -92 dBc/Hz

| TX Channel 3
OCP1db 4.4 5.2 5.7 dBm Tx Filter off
OCP1db 4.6 4.7 5.3 dBm Tx Filter On
Psat 8.8 9.7 10.2 dBm Tx Filter off
Psat 8.7 9.6 10.2 dBm Tx Filter On
Gain 28 29 30 dB Tx Filter off
Gain 24 26 27 dB Tx Filter On
Bandwidth C 1.0 1.0 GHz Tx Filter off
Bandwidth 0.65 0.65 0.65 GHz Tx Filter On
Phase Noise @ 1MHz -92 dBc/Hz

| TX Channel 4
OCP1db 3.1 4.2 3.1 dBm Tx Filter off
OCP1db 2.0 4.1 4.4 dBm Tx Filter On
Psat 7.2 8.2 8.8 dBm Tx Filter off
Psat 7.3 8.2 8.7 dBm Tx Filter On
Gain 29 31 32 dB Tx Filter off
Gain 24 27 28 dB Tx Filter On
Bandwidth 1.0 1.0 1.0 GHz Tx Filter off
Bandwidth 0.65 0.65 0.65 GHz Tx Filter On
Phase Noise @ 1MHz -92 dBc/Hz

3.2.3.1 mmW to IF Receiver

The LNA (Figure 3-21) topology choice has been motivated by three main specifications:
the frequency bandwidth imposed by the standard, the noise figure and the two gain states. A
four stages strategy has been chosen to respond to all criteria.
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Figure 3-21: Schematic of the four stages LNA with ESD protected input and two AGC stages.

The first stage is a common source transistor for NF consideration, whereas the following
three stages use cascade topology to provide gain and stability. Micro-strip transmission lines
are employed for the matching networks. In order to cover the global 9 GHz band, each
matching network uses two series lines and two short-ended ones with MOM capacitors stub
lines. Hence, the gain band is enhanced and flattened with less than 1 dB ripple in each
channel band (Figure 3-22).
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Figure 3-22: Measured LNA S21, S11 and S22 over the frequency band in high and low gain
mode.

The input of the LNA is ESD protected thanks to a parallel thick micro-strip line directly at
the LNA input pad and terminated by ESD diodes. Thus, this stub structure performs a
resonance with the pad capacitance at the beginning of the 60 GHz band, and forces the
external charges to the VDD or to the ground. Another parallel stub covers the end of the 60
GHz band for a large band input matching. The last two cascade stages include an AGC with
high and low gain steps. The AGC switches on-and-off one part of the common gate transistor
without influencing the common source transistor of the cascade. Thus, the input matching
and the NF of each 3rd and 4th stages are not affected when switching from high gain (HG) to
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low gain (LG) mode. The measured gain of a stand-alone version is 10 dB (LG) and 19 dB (HG)
with a 3 dB bandwidth of 9 GHz (57.5 GHz-66.5 GHz). The measured NF is between 4.5 dB and
5.5 dB in the above mentioned band. The input compression point is -24 and -19 dBm in the
high and low gain mode respectively.

3.2.3.2 Down conversion chain

RX down -conversion chaln
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Figure 3-23: Down-conversion chain of the RX.

Figure 3-23 shows the RX down-conversion chain schematic. The RF signal coming from the
LNA is first down-converted to the 20 GHz IF band in a differential mixer. A compromise
between high gain and high linearity is applied for the mixer’s trans-conductance. The mixer
load uses a differential tunable resonator made of a differential inductance and two varactors.
The load tuning limits the band at each channel and enhances the gain. The resonator sizing is
dictated by the trade-off between the aspect ratio and maximum quality factor. The next stage
consists of a differential IF amplifier (IFA) at the 20 GHz band. The IFA uses a similar channel
gain tuning load and an AGC. The AGC is performed by adding or subtracting transistor width
on the differential pair (switching on-and-off a parallel transistor cell). It is optimized for
maximum gain and low NF at high gain mode, and maximum linearity at low gain mode, with
10 dB voltage gain difference. The 20 GHz IF signal is converted to 1/Q base band (6 MHz — 880
MH?z) by two double balanced Gilbert cells.

3.2.3.3 Analog base-band receiver

The RX analog base-band section should provide filtering with respect to the adjacent
channels, variable gain amplification and finally drive the signal out of the chip on 100 Q
differential tracks. The linearity specification imposes an architecture where signals are first
filtered and then amplified. The variable gain block is made of two cascaded 12 dB and 10.5 dB
gain stages and three attenuators depicted in Figure 3-24.
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Figure 3-24: General synoptic of the analog base-band section on the RX side.
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The 10.5 dB gain stage output is 100 Q matched in order to drive the differential printed
circuit board (PCB) track up to ADC input. Each attenuator is made of an R-6R ladder. To
reduce the bandwidth impairment due to the gain control switches, attenuators are made of 7
steps each and the gain is controlled in a coarse-fine fashion. The RX analog base-band
specifications require a highly linear as well as high bandwidth capable amplifier structure.
Indeed, the frequency response of the ABB should be controlled only by the low-pass filter and
any parasitic pole must be at a higher frequency (~3 GHz) than the filter 880 MHz cut-off
frequency. Such a high bandwidth excludes the use of a feedback amplifier structure.

For very wide-band analog filters, active-RC and Gm-C implementations may be found in
literature. Nevertheless, given the target cut-off frequency and the wish of a robust
implementation with a design margin, a Gm-C solution has been preferred for the low-pass
filters.

Figure 3-25 presents the RX path 3rd order Gm-C filter topology, where a scaling factor of 2
has been applied to trans-conductors 4 and 5 and capacitors C2 in order to suppress the 6 dB
over-voltage at the filter’s internal nodes and thus improve overall linearity. Alternatively, a
5th order Gm-C filter based upon the same topology has been used on the TX path. The trans-
conductor core is a one stage differential pair in order to limit the number of parasitic poles.
The present circuit version does not integrate any cut-off frequency tuning circuitry.

o— e p— k| p—

Gm _ Vout
Tcl | _—

L —TEA

VrM
Figure 3-25: General schematic of the implemented Gm-C filter and Gm-core schematic.

The full analog base-band section on the RX part (I and Q) consumes 300 mW under
standard power biasing levels. The overall measured transfer function performs a global 5th
order low-pass response, taking into account the implemented 3rd order filter and the natural
low-pass response of the gain amplifiers, as depicted in Figure 3-26.

An attenuation of 43 dB at 2.16 GHz is measured which is the frequency of the adjacent
channel. The in-band gain spans over 22 dB, from a minimum gain of -6 dB up to the maximum
gain of 16 dB, the mean step size being 0.88 dB. The -3 dB cut-off frequency changes slightly
with the gain mode, a 50 MHz maximum change has been measured between the minimum
and maximum gain modes. As well, it should be noticed that the implemented RX 3rd order
Gm-C filter presents a 200 MHz tuning range. The measured input compression point stays
above 5 dBm for the minimum gain configuration, whereas the 1IP3 is better than 14.5 dBm for
the gain state of 0 dB; the in-band noise factor is 23 dB for the maximum gain configuration.
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Figure 3-26: Measured analog base-band transfer function for various gain steps.

3.2.3.4 Receiver performances per channel (1 up to 4)

In summary the RX performance is the following: Conversion gain > 31dB, noise factor > 8
dB, I/Q mismatch +/- 0.5 dB, 2°and RX power consumption around 570 mW typical.

Table 3-11: 60GHz CMOS transceiver measured RX performance.

Specifications Voltage-5% Nominal Voltage+5% Units Conditions
Voltage

Frequency Range 57-66 57-66 57-66 GHz
Modulation Bandwidth 1.76 1.76 1.76 GHz

[ Consumption
1.2v Consumption (V) 1.14 1.2 1.26 \Y Voltage
1.2v Consumption (mA) 209 226 244 mA Current
1.2v Consumption (mW) 239 272 308 mwW Power
1.8v Consumption (V) 171 1.8 1.9 \Y Voltage
1.8v Consumption (mA) 164 165 166 mA Current
1.8v Consumption (mW) 280 297 316 mw Power
Total Consumption 520 570 625 mwW

| RX Channel 1 |
Gain 31 36 39 dB Rx Filter off
Bandwidth 1.0 11 11 GHz Rx Filter off

| RX Channel 2 |
Gain 38 43 46 dB Rx Filter off
Bandwidth 1.0 1.0 0.9 GHz Rx Filter off

[ RX Channel 3 |
Gain 44 50 thd dB Rx Filter off
Bandwidth 1.0 0.9 0.9 GHz Rx Filter off

| RX Channel 4 |
Gain thd 51 thd dB Rx Filter off
Bandwidth 0.7 0.8 thd GHz Rx Filter off

3.2.3.5 Gain partition

The signal from the antenna is assumed to be at the sensitivity power level of -50 dBm set
up by the IEEE standard. The ADC has a full scale dynamic of -250 mVpp and the mean
amplitude signal should be 40 mV for an optimum quantization, which leads to a mean
differential power of -9 dBm at ADC input. Whatever the input power is at the antenna, the
signal mean power shall be adjusted to this value.
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Thus, the whole front-end should have a gain of 41 dB. On the other hand at saturation, a -

24 dBm signal can be expected at a short distance. In that case the gain should not exceed 15
dB.

3.2.3.6 AGC strateqgy

Assuming the gain partition of the previous section, AGC strategy is to define three gain
modes for the receiver:

High gain mode: LNA and IF amplifier are in the high gain mode, VGA adjusts the
power level to ADC input.
Medium gain mode: LNA is in the high gain mode while IF amplifier is in the low
gain mode, VGA adjusts the power level to ADC input.
Low gain mode: LNA and IF amplifier are in the low gain mode, VGA adjusts the
power level to ADC input.

Figure 3-27 gives a visual presentation of the signal acquisition from the antenna to ADC
mapping.
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Figure 3-27: AGC state diagram for a single receive branch.

In order to make a correct decision to reduce gain, the processor must to keep track of the
peak power of the signal arriving to the output of the ADC and check that this is below the full
scale deflection (i.e. below an all 11111s output).

It should also be noted that even with the receiver gain set to maximum, the smallest valid
input RF signal for most of the MCS modes will place the IF signal at the input of the ADCs well
below the full scale deflection. Only for high level MCS modes will the input signal at the
reference sensitivity exploit the majority of the ADC’s dynamic range. This means the AGC
algorithm cannot be based simply on the adjustment of the gain to achieve a near full-scale-
deflection at the output of the ADCs.

3.2.4  PLL sub-system performances description

The frequency synthesizer is common to the receiver and the transmitter and distributes
the LO1 and LO2 signals to both. The VCO uses quadrature architecture which provides two
0°/90° LO1 signals and push-push technique for the harmonic generation of LO2.
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The QVCO has two cross coupled CMOS VCOs. Each basic VCO cell is coupled by two nMOS
transistors for 0°/90° coupling. The varactor bank is managed by a fine (analog signal coming
from the PLL loop filter) and coarse tuning control. The required oscillation band is hence
splitted into sub-bands, in order to enhance the PLL global stability. The 40 GHz signal is
collected at the common mode of the coupling transistors with two short-ended quarter wave
transmission lines. Due to the quadrature coupling in transistors, the 40 GHz signal is
differential. The 20 GHz outputs of the VCO are followed by specific tree buffering in order to
feed the PLL and distribute the LO1 to the RX and TX mixers. The 40 GHz output is followed by
two cascade amplifiers with differential 100  output matching.

Register
2D/'3 Cells T4 bit channel choice control
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CML /16 to /31 9 external ref.
i N B e e T e
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Figure 3-28: PLL architecture and details of the GSF divider and the 2/3 cell programmable
divider.

The PLL architecture is depicted in Figure 3-28. The first pre-scaler has grounded source
frequency divider (GSF) architecture. Conventional CML dividers are adopted after the GSF
stage in order to reduce the power consumption. The choice of the communication channel is
performed by a programmable divider implemented using 2/3 cells based on modular
architecture pre-scaler. The division factor range (DFR) is 16 to 31. The phase frequency
detector (PFD) and the charge pump operate at 18 MHz, as the external 36 MHz reference
clock is divided by two. The 3rd order loop filter (LF) has a cut-off frequency of 200 kHz and has
been chosen to allow a better rejection of spurious signals out of range.

The possible locking frequencies of the PLL are given by:

f ref D D F
DIV PROG

lock 0SC_ max
2 —

F

0sc_min

f
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Fosc min @and Fosc_ max are the minimum and the maximum QVCO free running oscillation
frequencies respectively, frr is the external reference frequency value (36 MHz), Doy is the
fixed dividing ratio (40) and Deroc is the integer programmable dividing ratio.

The measured QVCO free running oscillation frequency spans from 19.15 to 22.45 GHz and
covers the four standard defined frequency channels, as depicted in Figure 3-29. The
measured phase noise, when locked to the fourth channel (21.6 GHz), is lower than -100
dBc/Hz at 1 MHz offset from the carrier. The overall power consumption of the frequency
synthesizer is 80 mW.

23 Free running — f:gn:;: Freq 216 GRz  Signal Track OFF DANL OFF T[rly_Free
P [ Marker 1.00000 MHz
22 | ™ [ Carrier Power -13.13 dBm Atten 0.00 4B Mkr 1 \l.ﬁ(m@é! MHz
e ——— Ref -40.08dBc/Hz -102.25 dBe/Hz
T 2 —
o — :
o % : Mkr1 @ 1MHz
_'_.—l-'
8 e . 102.25dBc/Hz
LL T T
) \ i locked
19 Chl Ch2 Ch3 Ch4
I I 1 I 1 1 I 10 kHz Frequency Offset 108 MHz
0 0.4 0.8 1.2 1.6
Vctrl (V)

Figure 3-29: On the left, the red lines are the aimed frequencies for each channel of the
standard (19.44 GHz, 20.16 GHz, 20.88 GHz and 21.6 GHz). On the right, the phase noise
measurement of the frequency synthesizer locked to the 4th channel (21.6 GHz).

= Example Channel 3, F ,=62.64, Fzz=100 MHz.

BB TX RF = o
(100 MHz) (LO+/-100 MHz) =
LO1 LO2
PLL

« Signal Analysis RF (LO+100MHz).
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Figure 3-30: Radio frequency phase noise.

In summary for the PLL performance: VCO tuning range 57 to 66 GHz, covers all 4
IEEEB02.11ad/WiGig/WiHD channels, phase noise @1MHz: < -92dBc/Hz in each band.
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3.2.5 CMOS 65nm transceiver electrical characterization

For the stand-alone electrical characterization, the CMOS 65nm transceiver die is chip-on-
board mounted, all electrical signals except the mmW 10’s being wire-bonded. Figure 3-31
shows a micrograph of the transceiver (2.8 x 3.3mm32).

Transmitter

PLL —

3.3 mm Lo 8

Receiver

\4 @ eEmsme 2

Figure 3-31: CMOS65nm transceiver chip micrograph.

The digital data control (I12C) is managed through a Labview interface via the USB
connection of a computer. The RF 60 GHz transceiver input and output are measured on-chip
with V-band RF probes. Figure 3-32 shows the measured receiver conversion gain versus the
RF frequency for each of the 4 standard channels.

—~ 45
m N .
) 35 P AR N
- N7 Y \
£ \/ A \
T \/ \ N \
O 25 A S § —|
c » —
9 =
215 /Chl Ch2\/Ch3\/Ch4\‘ —
- 5 1 I | W q
S I | — T |
S | | 1\ \ \
| 1\ ] \ \

x |1 I \ ] \/ \ \
&

56 58 60 62 64 66 68

FRF (GHz)
Figure 3-32: RX conversion gain versus the RF frequency for each standard channel.

The high gain (HG) mode shows 41dB at the 3rd and 4th channels, and 33 dB and 36 dB at
the 1st and 2nd channels respectively. The input compression point of the receiver is
adjustable thanks to the gain control of the various RX stages (Figure 3-33).

The total gain dynamic is 41 dB and is provided by the LNA (2 steps/9 dB), the IF amplifier
(2 steps/10 dB) and the VGA (25 steps/22 dB).

In order to validate the transceiver’s functionality, data frames at 3.8 Gbps rate
corresponding to the WirelessHD HRP2 mode (OFDM 16QAM modulation) have been
generated with an arbitrary waveform generator. The measurements are undertaken on the
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chip similarly to the previous results, and the TX and the RX parts are characterized separately.
The measurement setup uses Agilent “Connected Solution”, where a reference receiver and
transmitter are used respectively to characterise separately the CMOS transmitter and
receiver. For the TX characterization, the generated digital data frames are injected to the
transmitter with an AWG. Then, the 60 GHz modulated signal is down-converted and the

modulation analysed. A similar bench is used for the RX characterization.
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Figure 3-33: Receiver conversion gain in high gain (blue line) and medium gain (red line) modes
versus the input power. Measurement at the third channel with IF = 100 MHz. Inset: measured
receiver conversion gain dynamic for various gain control steps.
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4.  Integrated MiWaveS front-end modules

In this section, the development of the V band user terminal and access point modules is
presented.

4.1V band user terminal module
4.1.1 Overview of the UT module

Transceiver module intended for integration in a mobile UT, requires compactness, low
cost and low power consumption characteristics. In order to meet these objectives, the
following choices were made in MiWaveS project and are reminded here:

A 10x10 mm? area is targeted for the full module, which includes the RF transceiver and
the two antennas (Rx and Tx); this area seems to be acceptable for most mobile
terminals, including hand-held terminals such as smartphones;

The integration is made using a multi-layer organic technology, which is currently known
as a cost-efficient solution for volume manufacturing;

A fixed-beam antenna solution is designed in order to avoid the power consumption
associated with phased-array transceivers, which include multiple transmit-receive
chains.

The UT module is composed of a multi-layer organic interposer and a transceiver RFIC
(2.84x3.34 mm?). The transceiver RFIC is flip-chipped on the bottom face of the interposer
while the antennas are fabricated on the top face.

T/R module

Figure 4-1: User terminal Tx/Rx module flip-chipped on a test board.

The main specification targets for the antenna are to exhibit a 15% impedance bandwidth
(with respect to 50 Q) from 57 GHz to 66 GHz, offer a patch-like radiation pattern with a gain
of at least 5 dBi and a linear polarization. It should give enough space coverage and ensure the
minimum performance for the UT system.

The module is composed of two layers of organic materials as shown in Figure 4-2. The
500-um thick RO3003 substrate supports the radiating elements, and the 50-um thick RO3908
substrate (LCP, Liquid Crystal Polymer) supports the RFIC chip and all signals (RF, DC and BB),
including the RF transmission lines feeding the antennas. The module includes three metal
layers made of copper with a thickness of 18 pum. Metallic vertical via connections are made
between layers M2 and M1, and between layers M2 and M3.

M1: Antenna

500 um [ Copper, 18 um.
M2: GP RO3003 (g, = 3, tan & = 0.0013).
M3: Feed line I RO3908 (g, = 2.9, tan & = 0.0025).

Figure 4-2: Stackup for the UT Tx/Rx module.
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The minimum feature sizes achievable on organic materials are critical parameters,
especially at millimetre-wave frequencies where the smallest structures (transmission lines,
interconnections) are very close to the minimum resolution of the technology. Following
standard design rules of this LCP technology, the minimum width of traces and slots are 70 um.
The minimum diameters of metallic vias depend on the substrate thickness, with 200 um and
70 um between M1-M2 and M3-M2 respectively. In the latter case, the standard design rules
of minimum via pads and gaps between metallization make difficult to route signals under the
transceiver RFIC. To ease the routing process without affecting the fabrication process, a
reduced annular ring around each via has been defined.

4.1.2 UT module design and fabrication

In this section, the UT module using two elementary antennas, for Tx and Rx links
respectively, is presented. The maximum module size is limited to the required 10x10 mm?
area. Figure 4-3 depicts the UT module layout with the three metal layers M1, M2 and M3
(pink, blue and red respectively), the via connections (light blue) and the solder-mask (green).
The DC and RF lines are only routed on the two metal layers M3 and M2 since it has been
decided to maximise the isolation between these lines and the radiating elements on the other
side of the module (M1 layer) in order to minimize perturbations of the radiation patterns and
other undesired parasitic effects. The thicker substrate between M1 and M2 (500 um) helps to
achieve the required antenna impedance bandwidth and a good antenna total efficiency. Even
if the M2 layer is used to route some lines, their number has been minimized since M2 is
dedicated to the RF ground plane (antennas, RF lines, I/Q lines) and therefore should be kept
as uniform as possible under these elements. Moreover, efforts have been made to avoid
crossing lines on M2 and M3 to avoid spurious couplings in the supply signals of the
transceiver that may degrade its performance.

Aperture fed patch

. antennas (Rx/Tx
Transceiver (Rx/Tx)

1Q input/outputs

CPW to microstrip
transitions Rx/Tx

Figure 4-3: Layout of the 10x10 mm? UT transceiver module.

Differential signals at frequencies up to 2 GHz are transmitted through the four 1Q
inputs/outputs of the transceiver RFIC. The phase imbalance between these signals should be
lower than 5° to ensure the nominal performance of the transceiver. This phase imbalance
criterion must be reached at the IQ inputs/outputs of the PCB test board that will host the
transceiver module, eventually.
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The module fabrication has been carried out using ENEPIG (Electroless Nickel / Electroless
Palladium / Immersion Gold) process, wire-bondable Nickel bearing “universal” solderable
finish compatible with the flip-chip assembly process used. The fabricated module is shown in
Figure 4-4.

a) Top view (M1) b) Bottom view (M3)
Figure 4-4: Fabricated 10x10 mm? UT module layout.

4.1.3 Simulation and measurement results

The simulation results showed a good performance for the antennas, with a reflection
coefficient below -12 dB and a stable gain above 8.2 dBi over the 57-66 GHz frequency band.
Gain measurements showed a gain higher than 6 dBi, including feed line losses, for the two
antennas, which is slightly below the simulated values but still within the requirements.

10
=
o
=
£
@
© ,,"" Rx measured
2 Tx measured
— ——Rx simu
——-=Txsimu
0 L I
55 60 65

Frequency (in GHz)
Figure 4-5: Simulated realized gains and measured boresight gains accounting for mismatch
losses of the probe fed Rx and Tx antennas.

4.2 V band access point module
4.2.1 General description of the antenna system

The specifications of the access point consider 90° sectors with independent transceiver
modules; these AP will be located typically at a height of 2 to 6 m as depicted in Figure 4-6. No
significant size constraints are applicable to these modules considering that the antenna
system will be quite small as compared to other functions. A typical antenna size was
estimated to be 40x40x20 mm?3 but is not critical.

The maximum radius of the small cell is 50 meters assuming a maximum gain of 26 dBi for
the AP antenna. The beam steering capability of the antenna should allow it to cover the
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whole sector of +30-45° in azimuth and about 60° in elevation corresponding to the angle
range from the AP to mobile users located at short distances up to the cell edge.

Azimuth Elevation

2-6m \|l 83.87°
lg 10-26°

Om im

Figure 4-6: AP antenna azimuth sectors and elevation coverage.

Due to the gain requirement and the need for the radiation pattern re-configurability, a
phased antenna array is considered as an appropriate antenna solution. An original
architecture is proposed to implement the phased array using multiple RFIC chips in order to
minimize the RFIC complexity, size and power consumption. Hence separate chips are used for
the transceiver front-end and phase-shifting functions. A Tx/Rx switch is used between the
transceiver and the phased array fed through a passive network composed of power-
splitters/combiners. The mmW signals is distributed to and from the radiating elements
through active MMICs composed of SPDT switches for Tx/Rx selection, a power amplifier (for
Tx), a low noise amplifier (for RX), and mmW phase shifters.

To implement this architecture, a cost-effective strategy is to use available 60 GHz
transceiver chip, e.g. the Tx/Rx module developed for mobile UT presented in Section 4.1, and
add dedicated phase-shifting MMICs embedded in the same package. One advantage of the
architecture is to be able to easily and cost-effectively scale the phased-array module to the
required gain levels.

In MiWaveS, phased array modules with up to 8 elements are targeted; this number is
considered as a good compromise between the achievable antenna gain (about 17 dBi) on one
hand and the technology constraints (thermal dissipation induced by the power consumption,
number of MMICs to be assembled, size of the module) on the other hand. Multiple phased-
arrays can be combined in a synchronized mode in order to obtain the higher gain and
transmit-power levels needed to reach the edge cell. For instance, eight parallel modules
would generate an additional gain of 9 dB (10 logi0(8)) and reach the 26-dBi gain specification
mentioned previously.
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Figure 4-7: Schematic of the interposer module with a phased-array beam-steering
architecture.

The module is composed of two organic substrate layers supporting the radiating elements
on one side and the MMIC chips (transceiver, SPDT and phase-shifter) on the other side as
shown in Figure 4-8.

M1: Antenna

500 pm
o N T Rz
M3: Feed line

(a) Interposer stack-up (b) AP two steps assembly

Figure 4-8: AP module stack-up (same as UT module) and assembly.

No major constraint on the size of the module is coming from the system specification but
rather the maximum size limitation is coming from the assembly and mechanical reliability
constraints. The size of the module depends on the area occupied by the transceiver, Tx/Rx
SPDT switch, power dividers, phase shifter MMICs and antenna array. The total size with a 2x4
antenna array fits on a 20x20 mm? area.

The phase-shifter MMIC has 48 1/0s with an area of 3.4x2 mm?. It drives two antennas and
generates a different phase shift to each antenna. The phase-shift can be controlled either
using a direct command (no latency) or a SPI bus with a phase discretization of 45° (few ps of
latency).

4.2.2 AP module design and fabrication

The top layer of the interposer module is dedicated to the radiating elements and a
minimum number of signals are routed on this layer in order to avoid any perturbation to the
radiation patterns. The layout accounts for the actual dimensions and pads ring of the six
MMICs used: the transceiver RFIC, the SPDT (single pole, double throw) connects the
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transceiver to the corporate feeding network in order to get the Tx/Rx selection, and the active
phase shifter MMICs. The size of the AP module is 18.8x18.6 mm? and the corresponding
layout is presented in Figures 4-9 for the bottom and top layers. The issue in the layout design
point of view is to route all the required command, supply and 1/Os signals as well as the RF
signals on the same simple stack-up. By extension, a complete 4x4 array antenna layout would
require a fourth metal layer to be able to route all the phase-shifters’ I/0s. Another motivation
to increase the number of metal layers would be to be able to reduce the element spacing in
the H plane since many signals are to be routed between each phase shifter MMIC.

Antennas

Phase-shifter ... ST

"“—Transgeiver —»

Figure 4-9: Bottom view (left) and top view (right) of the AP module layout composed of a 4x2
antenna array.

4.2.3 Antenna array characteristics

The performance of a phased array is related to the elementary antenna and the lattice
size corresponding to the distance between two adjacent radiating elements. This distance is
critical for both routing process and array performances. A small spacing would increase the
coupling levels between antennas but it would remain rather low in our case. On the other
hand a large spacing would reduce the usable scan angle range and increase side lobe levels.

The elementary antenna used is quite large because of its metallic ring which helps to have
a good antenna gain over the required 15% bandwidth and reduces mutual coupling when
used in an array. However, the most critical dimensions come from the phase shifter MMICs
and the required area to route all the control signals. The optimal elements spacing cannot be
achieved and has been set to dy =3.35 mm (0.67Ao at 60 GHz) and de = 3.95 mm (0.79A, at 60
GHz) corresponding to the spacing between elements in the H plane (direction of the four
elements) and E plane (direction of the two elements) respectively. The resulting area used by
this 4x2 array is 13.3x7.4 mm?. The trade-off made between a small inter-element spacing
offering interesting array performances and a large one releasing routing constraints of the AP
module leads to the apparition of undesired grating lobes when the beam is steered at more
than 27°.

The maximum gain of 17.6 dBi is oriented toward the broadside direction. The full half-
power beamwidth is 18° in the H plane and 28° in the E plane. The gain is quite stable over the
targeted V-band and is ranging from 16.9 dBi to 17.7 dBi.
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The gain radiation patterns at 61.5 GHz in the H plane of the array is shown in Figure 4-10
for seven linear increment phases ( ) ranging from -135° to 135°. The array characteristics at
61.5 GHz are reported in Table 4-1. It shows that combined with the rather large element
spacing, the 45° phase-shifting resolution is slightly affecting the gain coverage. Indeed, the
progressive phase shift of 135° leads to a high grating lobe. In this configuration, five beams
are usable offering £30 ° coverage.

30

— = 0 deg
— ¢ = 45 deg
—y = 90 deg
20 —¢D:135deg
-——y= -45 deg
Taam - - - - = 90 deg
RN
\\ . ---¢02-135deg
\

Gain (in dBi)
o

-

-40 -20 0 20 40 60 80
Angle (in degres)

Figure 4-10: Gain versus elevation angle in the H plane for seven  values ranging from -135°
to 135° at 61.5 GHz.

Maximum Scan Grating lobe Grating
gain (dBi) angle level (dB) lobe angle
0=0° 17.6 0° - -
o = —45° 174 10° -21.5 -81°
o =—90° 16.6 19° -10.8 -66°
o =—135° 15.0 30° -4.2 -53°

Table 4-1: Array characteristics with the considered spacing at 61.5 GHz.
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5.  Transceiver building block development

5.1 E band frequency synthesizer

In 55nm BiCMOS, some benefits are achieved in the high-end 60/90 GHz applications
including the backhaul when the frequency synthesis and LO generation comply with
802.11.ad 64QAM MCS and in addition meet the required backhaul phase noise performance.

A point to point backhaul application in the E-band requires an 80GHz reference clock of
high spectral purity to optimize the communication range and rate. ST France has developed a
fully integrated frequency synthesizer for E-band backhaul based on a VCO in 55nm BiCMOS.
The chip also includes a bandgap, bias and 40MHz crystal oscillator dedicated to the PLL
reference.

To avoid an external analog loop filter, this work proposes a digital control of the VCO. By
this way, the loop filter is fully integrated, digitally reconfigurable, allows beam-forming and
integrates a VCO linearization to ensure an optimal SNR despite of a voltage and temperature
drift. The flexibility of the digital control is a novelty in backhaul applications and empowers
the VCO control as it implements the linearization.

To avoid a frequency pulling the PLL operates at 40 GHz and drives a frequency doubler.
Addressing the E band frequency range necessitates the reduction of the parasitic capacitance
in the VCO tank. As a result, an analog varactor is preferred as it presents less parasitic
capacitance than a set of digitally controlled capacitances.

¢ —t oy |
AT 3 :
' (xo - N, N

i Frequency |

control o i

Fully Integrated Digital PLL I VGO | &

TCXO .' + No external component i

+ Sub ppm Fractional PLL

+ Adjustable phase error

g i/\':@ - Kvco linearization

o\ V/E Band PLL )\_One or several VCOs per band ) |

i T + Adjustable low cutoff frequency

Figure 5-1: E band synthesizer block diagram.

The PLL feedback loop is composed of a divider by 8 to drive a 5 GHz CMOS based counter
that quantifies the VCO frequency. The counter quantization noise contribution is within the
PLL bandwidth which is set sufficiently low by a digital loop filter. Consequently, no additional
Time to Digital Converter (TDC) is required as the counter quantization noise is sufficiently low
and does not pollute signal SNR.

The difference between the Frequency Control Word (FCW) from the SPI bus and the
decoder calculated output constitutes the PLL frequency error which is integrated to the phase
error. Starting from this point, the PLL loop control is empowered by the digital flexibility.
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The XO and the frequency synthesizer were implemented in STMicroelectronics 55nm
BiCMOS process to take advantage of high speed bipolar with high ft/fmax of 320/370GHz and
digital integration, all integrated in a core area of 3.75mmz2,

The chip pad ring is compatible for wire bonding and a ball grid array. Figure 5-2 shows a
photograph of the flip-chip version on a BGA package. The crystal oscillator (XO) is at the upper
left corner and is in front of the digital and the counter to which the 40 MHz reference clock is
supplied. The XO, DAC, VCO, doubler and divider operate under 1.8 V supply voltage while the
counter and the digital are under 1.2 V. RF probes are placed on the doubler output pads in
case of Chip On Board version measurements whereas in the case of the BGA package the E-
Band signal is connected to a test PCB through the BGA package.

- BGA} version
e fa ¢

Figure 5-2: Test PCB for the E band frequency synthesizer chip on a BGA package.

5.1.1 PLL measurement results

The measured power consumption is less than 300 mW with the main contributor being
the VCO. The synthesizer output has been measured across the two E bands over one varactor
limited by the 1.8V DAC supply. The measured output power is close to -6 dBm in the lower E
band and -10 dBm in the higher E band without de-embedding cable losses. Such Chip On
Board and BGA output powers confirm that ST packaging solutions are suitable for RF and
millimetre-wave frequency ranges up to 90GHz.

The phase noise level measured at 1 MHz offset is -97 dBc/Hz and the noise floor is -137
dBc/Hz.

5.1.2 E-Band PLL conclusion

ST-France has developed a fully integrated frequency synthesizer for E-band backhaul
based on a 40 GHz VCO in 55nm BiCMOS. The chip also includes the bandgap, bias and 40 MHz
crystal oscillator dedicated to the PLL reference. The 40 MHz referenced PLL whose cut-off
frequency has to be low is fully integrated.

5.2 E band tunable local oscillator

In E-band wireless links, the adaptive modulation method is adopted in order to maximize
the receiver signal to noise ratio with respect to the channel characteristics. As shown in Table
5-1 the modulation order or the spectral efficiency can be adapted to optimize the data rate
according to the wireless channel impairments.
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Channel Spacing

625 125 [250 |500 |750 1 EEE
order MHZ MHz | MHz | MHz | MHz GH:z GHz

PSK 35 |71 142 285 427 fs570 712 855 997 1140
QPsK 71 J142 285 570 855 J1140 1425 1710 1995 2280
8-PsK 106 |212 425 850 1275 1700 2125 2550 2975 3400
16-QAM 142 l285 570 1140 1710 | 2280 2850

32-0AM 219 |438 875 1750 2625

64-QAM 262 | 525 1050 2100 3150

128-QAM 306 612 1225 2450 Data Rate [Mbps]
256-QAM 350 700 1400 2800 ETSI EN 302 217 (Nov 2013 Draft)

Table 5-1: Backhaul link capacity versus channel spacing and spectral efficiency.

The SNR at the RX is further degraded due to the integrated phase noise of the local
oscillator, as depicted in the Figure 5-3.

E-band

Lo SNR,o = JL(f) df

SNR*

3

PhaseNoise

7 . —aPsK
. \ 1 ——16QAM
m ¢ R = ~ ~ 102k ——6404M
o, \ (SNR')Y +(SNR,,,)
z \ 107 b
Q 4 o
21 \ Low|SNR E o
z \ Degrafation 10
[0} .l L
8 N . .l =
f ; \ 107 F
10

a 10 19 20

SNR Margin = SNR_ - SNR* [dB]

Figure 5-3: Local oscillator phase noise effect on the SNR at the RX and the corresponding
impact on the RX BER performance.

A chain of two frequency doublers can be used to generate an E-Band LO from a 20 GHz
VCO, as shown in Figure 5-4.

PFD

XTAL —>| LPF

—()

IN [«

Figure 5-4: Proposed E-Band frequency synthesizer architecture.

The proposed frequency multiplier is depicted in Figure 5-5. It consists of two cascaded
push-push frequency doublers, where the fundamental-harmonic current is cancelled out at
the common drain node whereas the second-harmonic common-mode component is summed
up in phase. Both inter-stage and output matching networks are transformer-coupled
resonators.
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Figure 5-5: Proposed frequency quadrupler.

In BiICMOS technology, both the bipolar and the MOS transistors are available so a
comparison has been done to find out the better transistor structure for a single core VCO.
Although the HBJT has the main advantage in being not affected by the flicker noise effect, it is
affected by the base resistance noise amplification phenomenon. Furthermore, the Vceo
transistor breakdown of 1.55 V quite limits the oscillator output voltage amplitude in a LC-tank
based oscillator. So, due to the maximum oscillator voltage amplitude reaches about 2xVDD in
a CMOS transistor implementation, this has been the choice for the 20 GHz VCO single core
design. In Figure 5-5, nMOS transistors are used in the first multiplier stage to reduce the
loading of the VCO output due to the HBT's low base resistance, while HBTs are used in the
second stage because of their higher gain.

Looking at the Table 5-1, each modulation scheme sets a different phase noise
specification, hence a multi-core VCO topology appears as the proper architecture of choice.
By parallel-coupling N oscillator cores, where each of the oscillator cores is designed to achieve
the lowest practically possible phase noise, the final phase noise is:

_ _AKTR(

,
L.(o )Y=F— 0
N ( rrr) K]_J;I\Ir

2 g_)(")m /

1)

This ultra-low phase noise oscillator has N-times lower phase noise than each of the single
cores. Obviously, the total power consumption is N times higher. This will maintain the FoM as
below:

=]

1
Lo, ) Vo I

total (mA)

@,

FoM = @)

a,

For example, the phase noise of a dual-core VCO should be 3 dB lower than that of each of
the cores. Also, the phase noise can be improved by 6 dB if 4 cores are connected in parallel
[51].

The E-band 20 GHz VCO die layout in Figure 5-6 shows a 4 core oscillator which allows to
lower the VCO phase noise by a factor of 4. The 4x VCO cores are switched on or off depending
on the phase noise specification compatible with the required spectral efficiency, as in Figure
5-7. In this way, the overall VCO phase noise is adapted, also dynamically, to the specific use
case application and the ratio between the link spectral efficiency to the LO power
consumption is being preserved. The VCO cores are connected in parallel and they are laid out
circularly as flower petals, still maintaining a central symmetry which helps to reduce the noise
current due to the core mismatching and to lower the interconnection impedance.
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QPSK 1.66
16QAM 3.33
64QAM 5.00 -99 -109

Modulation Actual spectral | E-band wireless + 10dB Margin
efficiency efficiency link PN specs
[bits/sec/Hz] [dBc]
-86 -96
103

Figure 5-7: Phase noise adjustable multi-core VCO.
5.3 60-GHz 28nm FD-SOI power amplifier

The high data rate wireless standard 802.11ad includes modulations causing power
amplifiers to face severe tradeoffs between the linearity and power consumption. This
development introduces a PA linearization and power added efficiency enhancement
technique using 28nm CMOS UTBB FD-SOI body bias which also allows the circuit re-
configurability. Key factors for the development are high output power, high efficiency, high
linearity, suitability for 0.8 to 1V power supply, reconfigurability and WiGiG readiness.

ST-Fr introduces a novel PA technique to relax the tradeoff between PDC and P-1dB,
achieving a P-1dB of 18.2dBm with 21% PAE at P-1dB (PAE-1dB) drawing a mere 74mW PDC
from its 1V power supply. The Doherty architecture combines two PA classes to improve P-
1dB, with a limited flexibility and area overhead. In contrast this work achieves the
linearization at the device level, as segmented parallel transistors operate in different classes
using the UTBB FD-SOI back gate for a threshold voltage adjustment. This reconfigurable
solution does not alter the RF path.

The PA prototype is fabricated in the 28nm UTBB FD-SOI CMOS 1P10M process from
STMicroelectronics. While the sole use of the body bias on PA cells allows varying the gain
from 15dB to 35dB, the input and output reflection coefficients S11 and S22 remain almost
unaltered and the PA always covers a 3-dB bandwidth of 8GHz (56 to 64GHz) in the two
extreme configurations, demonstrating the circuit robustness.

The PA circuit has to have a high linearity in order to scope with high peak-to-average
power ratios due to the used complex modulations. Figure 5-8 shows the breakthrough which
the 28nm CMOS FD-SOI PA realizes versus other technologies.
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Figure 5-8: Power added efficiency versus output power.

At the output, a parallel series 8-way power combiner TRF1 sums four differential
reconfigurable power cells and performs a differential to single conversion. While the
distributed active transformer (DAT) transforms 50 Ohms output to four input ports with a
coupling factor close to 0.87, the access lines are used to create eight ports presenting the
optimal large signal load impedance for the power devices. This compact topology achieves an
insertion loss of only 1dB at 60GHz. The 1:2 differential TRF2 and 1:4 TRF4 power splitters are
based on the DAT structure and implement wide-band matching networks. The two secondary
windings are orthogonally placed to reduce the parasitic magnetic coupling. The 1:2
transformer TRF3 performs the impedance matching between the two driver stages.

NRPC : Neutralized Reconfigurable Power Cell
G ||RFa|] G CL : Coupled Lines

Figure 5-9: Block diagram of the complete 60GHz PA.

RFin.. Ve oc NRPC Ve pc, RFin

Each power cell element includes four devices arranged as a common-source differential
pair except for back gates which are distinct. The 28nm UTBB FD-SOI cross-section shows the
insulated planar NMOS device which back gate can be biased up to 1.8 V lowering the device
threshold by nearly 200 mV. This allows choosing each device operating class within the power
cell, from class C at zero body bias to class A in maximum forward bias, with an adequate
shared gate bias voltage. The RF path on the gates is not split and the sensitivity to the body
bias is ten times lower than the gate bias, making the solution compact (27x12um?2), flexible
and robust. Similarly to the Doherty technique, the compression of the class-AB transistors is
compensated by the gain expansion of the class-C transistors, increasing the PA compression
point without a DC current penalty.
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The class-AB devices are sized to carry the RMS power of the modulated signal and
determine the average power consumption, while class-C devices pass the peaks. A static body
bias and dynamic modulated signal induce drain-gate nonlinear capacitance variations, tracked
by the MOS neutralization across process, temperature, bias and signal conditions. This
robustness allows to safely use the full neutralized power cell flexibility to trade the power
gain and consumption for the linearity, between “High Gain Mode” (all forward-bias, class-A)
and “High Linearity Mode” (dual body bias, optimized for class-AB and class-C combination), to
optimize the transmitter line-up depending on the modulation and power.

5.3.1 28nm CMOS FD-SOI power amplifier results

Figure 5-10 compares the measured performance with the state-of-the-art 60GHz silicon
power amplifiers (PA). The proposed PA is reconfigurable by means of the dual body bias
applied to the power cells. In the high gain mode, it achieves a gain of 35dB and exhibits the
highest ITRS FoM with roughly 161,000WGHz2. In the high linearity mode this solution breaks
the tradeoff between the quiescent power consumption and linearity illustrated by P-
1dB/PDC, achieving P-1dB > 18dBm and PDC = 74mW. When the maximum RF power is not
needed-the circuit can be supplied at 0.8V without a PAE degradation, drawing then only
58mW PDC. The PAE is improved at the back-off which lowers the average power dissipation.
This has been achieved thanks to the novel device-level linearization technique.

This work S. Kulkarni D. Zhao D. Zhao E. Kaymaksut | A. Siligaris
ISSCC 2014 JSSC 2013 JSSC2012  RFIC 2014 JSSC 2010
Technology 28nm UTBB FD-SOI 40nm 40nm 40nm 40nm 65nm PD-S0I
Operating mode High gain | High linearity NA Low/High power NA NA NA
Supply voltage [V] 1.0 1.0 0.8 09 1.0 1.0 0.9 1.8
Freq. [GHz] 61 60 60 63 61 60 77 60
Gain [dB] 35 154 | 151 22 4 16.8/17 26 9 16
Psar [dBm] 18.9 18.8 | 16.9 16.4 121717 15.6 16.2 14.5
P1ge [dBm] 15 18.2 | 16.2 13.9 91/138 15.6 15.2 12.7
PAEmex [%] 17.7 21 21 23 2221303 25 12 257
PAE1ag [%] 9 21 21 18.9 14.1/216 25 1.1 226
PAEszds_packoff [%0] 1.5 8 7.5 3 -147 58 35 27
Poe [mW] 331 74 58 88 56/ 757 "7 126 774
Poc_sde_pacet [MW] 332 124 84 94 56/ 787 120 140 79
100xP1ae/Poc 9.6 89 72 28 145327 31 26 24
Active area [mm?] 0.162 0.081 0.074 0.33 0.1 0.573
ITRS FOM [W.GHz? | 161,671 | 1,988 | 1,198 6,925 64172832 13,009 236 1,038

ITRS FOM = Pgyr PAE, 1. Gain Freg? ’ - with pads * - estimated
5.3.2 60 GHz power amplifier conclusion

ST has designed 60GHz 28nm UTBB FD-SOI CMOS reconfigurable power amplifier with 21%
PAE, 18.2dBm P-1dB and 74mW PDC. This power amplifier suits well for the high data rate
wireless standard 802.11ad which includes modulations causing the power amplifier to face
severe tradeoffs between the linearity and power consumption.
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Figure 5-10: 60 GHz power amplifier comparison.

Neutralized
reconfigurable
power cell

Figure 5-11: 60 GHz PA chip micro-graph with an active area of 0.16mm2,
5.4 E band 55nm BiCMOS power amplifiers

The choice of the power amplifier architecture is a complex task, which results from
several compromises among area occupation, efficiency, reliability and maximum output
power. The solution we adopted relies on the power combiner topology, as generally depicted
by the block diagram in Figure 5-12, for two main reasons:

1. High output power at millimetre-wave frequencies is more efficient when combining
the outputs from multiple small power amplifier (uPA) cells. This is due to the fact that
every single uPA cell can be realized with transistors of smaller sizes, which have a
better performance, in terms of higher maximum stable gain and transition frequency
and they can be more easily matched to achieve simultaneously high gain (conjugate
matching) and high output power (power matching).
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2. The power combiner topology reduces the load impedance at the output of every uPA
cell and delivers a relatively high output power through the low voltage supply
imposed by the low breakdown limits of the high speed CMOS and BiCMOS
technology.

Differential Unit Power Cell

Power-
Combining
Network

E_ E R [Z]

v

Input Qutput
Figure 5-12: General power combining schematic diagram for power amplification.

Several power combiner concepts exploiting transformers, as in Figure 5-13, have been
proposed in the literature, where transformer secondary outputs have been shown to be
connected to the load impedance in series, parallel and mixed mode. The type of the
transformer connection changes the impedance seen by each MOSFET output and it combines
and sums together the output power of each elementary uPA cell, while maintaining the
voltage across them within the limit imposed by the low breakdown voltage of the silicon
based technology, as CMOS and BiCMOS.

active matching network
combiner

driver %}g-
Rl > FI R

[

final stage

Figure 5-13: Transformer based power splitting and combining architecture.

Among the solutions proposed in the prior art, the Distributed Active Transformer (DAT)
presented in [52] allows simultaneously combining the power and transforming the load
impedance to the optimum value requested by each single uPA cell. The DAT topology can be
implemented using slab transformers, with a benefit for the efficiency compared to a
traditional spiral inductor based transformer.

Despite the significant advantages of the DAT based power combining structures, feeding
the input signal to each single uPA cell input with a minimum phase mismatch and without
degrading the overall PA stability is not trivial and requires a large area [53]. A previous patent
has been filed to accomplish a better PA stability, efficiency and minimum area consumption
by a dual concentric DAT structure, named DDAT [54].
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Still exploiting the DDAT power splitting and combining architecture, an alternative to the
concentric layout patented in [54] has been proposed and patented [55]. It is based on a
linearly aligned slab based DDAT, named L-DDAT. The main advantages are:

Mixed Power-Combining Transformer (MCT) as a combination of Series and Parallel
Transformer (SCT + PCT) to efficiently increase the output signal power.

L-DDAT allows increasing the output power staying within the low breakdown voltage
limits of the silicon based transistor technologies as CMOS and BiCMOS.

L-DDAT allows a modular design approach to increase the number of power stages.
L-DDAT simplifies and makes the layout very compact, reducing area consumption.
Exploit Double DAT configuration to perform very efficient input signal power splitting.
The localized EM field of the slab transformer reduces cross-talk and passive Q
degradation. Moreover slab inductors always outperform a single loop inductor in
terms of Q.

Reduces cross-connection thought I/0 power distribution (1-way signal path).

Linear DAT well suited for differential I/0 connection.

MCT does not require a balun for the single-ended input connection.

Transformer based power divider avoids capacitors for AC coupling.

In [52], the transformer based power combiner made by inductor slabs is easier to
optimize for reducing power loss due to a metal resistance and impedance mismatching.

While the concentric or coaxial DDAT [54] is based on series connected power splitting and
combining slab transformers, the L-DDAT is a mixed combination of series and parallel
connected slab transformers, giving a higher degree of freedom to the output impedance
matching network design of a single uPA cell.

The L-DDAT simplifies the RF power amplifier and preamplifier circuit and design
methodology by a compact and easy to integrate architecture, which allows targeting different
power levels through a simple modular approach working up to millimetre-wave frequencies,
while maintaining the advantages in terms of the silicon based transistor breakdown issue
mitigation and consequent maximum delivered output power increase. A first tape-out, in ST's
55nm BiCMOS technology, of the L-DDAT based E-band power amplifier has been done in
December 2015 and the chip micro photo is shown in Figure 5-14 . Several test structures have
also been designed and implemented to calibrate the simulation CAD environment to the
device performance at millimetre-wave frequencies.

Figure 5-14: L-DDAT based E-band PA test chip micro-photo.
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6. Highly efficient power amplifiers at millimetre-wave
frequencies and EMF reduction studies

6.1  Highly efficient power amplifier technologies at millimetre-wave frequencies

Modern mmW wireless links must handle different modulation formats such as M-PSK and
M-QAM with a high (above 6 dB) peak-to-average power ratio (PAPR) of the transmitted signal.
This high PAPR affects the transmission chain performance, because its envelope peaks cause
the power amplifier (PA) to move in the nonlinear or saturation region, generating
intermodulation distortion and thereby the system performance (BER, EVM and adjacent
channel interference) is degraded. To overcome this problem, the amplifier is driven at an
average power level, backed-off from the peak power by PAPR which results to a strong
degradation in power efficiency.

The solution to improve the linearity maintaining the power efficiency consists of
manipulating the load resistance or the DC bias voltage at the device drain (or collector). Based
on these principles, several efficient architectures are currently under investigation. Table 6-1
shows these techniques classified by the modulation type.

Table 6-1: Highly efficient amplification topologies.

Bias Modulation Load Modulation
Envelope Tracking (ET) Doherty amplifiers
Envelope Elimination and Restoration (EER) Out-phasing
Hybrid ET/EER Techniques Carrier bursting

In bias-modulation techniques, the amplitude and phase of the band-pass RF signal is
divided into its amplitude and phase components, manipulated and then combined at the
amplification stage. The envelope information is introduced through the bias voltage, perfectly
synchronized with a phase modulated continuous wave carrier in the EER architecture or with
the original signal in the ET topology. On the other hand, load modulation takes advantage of
the output impedance control capabilities of transistors when varying its input parameters.

Load modulation techniques have been introduced into the wireless market for low GHz
frequencies, in this sense; the Doherty amplifier is probably the widest used solution due to its
versatility and adaptability to the existing hardware. However, probably due to the difficulties
and challenges of the design process at mmW frequencies, only a few works have been
reported in this area at these frequency bands. In the case of bias modulated technigues, the
design of an efficient wideband envelope modulator is very difficult. Moreover, matching the
delay between the envelope path and phase path could be challenging at mmW frequencies.
Therefore, taking into account the benefits in terms of cost and versatility of load modulation
techniques, these topologies (Doherty and Chireix-Out-phasing amplifier) have been studied in
the framework of MiWaves project.

In [56] and [57], two Doherty amplifiers operating at E-band have been designed and
implemented. Alternatively, [58] reports another efficient transmitter architecture by means
of using an out-phasing amplifier which operates at 60 GHz using CMOS technology. Moreover,
a polar transmitter (EER technique) has been also presented in [59]. As can be seen, several
recent publications can be found on this issue, although there is still a main limitation due to
the restricted evolution of the technology at mmW frequency bands. Taking into account the
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state of the technology and the important role that the energy efficiency has today, different
highly efficient architectures for mmW bands amplification are being studied in the framework
of MiWavesS. In particular, two identical simulated GaAs amplifier cells will be combined in a
Chireix out-phasing and Doherty amplifying configuration and the results are compared with
traditional power combining techniques, in order to evaluate their impact on the efficiency
performance for a linear amplification.

As the starting point, a basic amplifier has been designed and simulated. Figure 6-1 shows
the proposed layout and the main figures of merit extracted from harmonic balance (HB)
simulations. Passive and nonlinear active device models were provided by a European GaAs
pHEMT foundry.
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Figure 6-1: Basic amplifier design layout and its figures of merit.

The basic cell will be combined in different topologies in order to demonstrate the possible
improvement of applying highly efficient architectures. The following sections will present the
comparison results for balanced, Doherty and Chireix out-phasing using HB simulations.

6.1.1 Balanced amplifier

Balanced amplifiers are widely used in wireless communication systems for improving
wideband matching and doubling the output power from two identical single-ended amplifiers
[60][61]. Most of the power amplifiers are designed using the balanced topology in order to
overcome the limitations of single-ended amplifier for a given power device. A general block
diagram of this topology is shown in Figure 6-2.

| j
N 0 J —_— 0
= X

Figure 6-2: Block diagram of a balanced amplifier.

Generally, a reflected power exists which is never ignorable when the input power is quite
large, unless the input matching is perfect. In many cases, 90° branch line hybrid couplers are
adopted, and the reflected input power from two single-ended amplifiers is divided and
appears at the input and the isolation ports of the couplers. The returned reflected signals at
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the input port are cancelled due to their opposite phases, while those at the isolation port are
absorbed into the 50 ohm termination.

Following this principle, a balanced amplifier was designed combining the two cells
presented in Figure 6-1. The layout of the balanced amplifier is shown in Figure 6-3.

Balanced PA chip layout = ——
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Figure 6-3: Balanced amplifier design layout and main simulation results.

Here, the power increasing can be obtained with a relative small degradation in the
efficiency. These results are taken as a reference for the comparison with the highly efficient
topologies presented in the next sections. For example, Figure 6-4 presents the simulation
results of the balanced amplifier response under a 64 QAM excitation for different back-off
conditions and how the probabilistic density function is distributed under the efficiency and

gain curves.
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Figure 6-4: Balanced amplifier response under a 64 QAM excitation.

The efficiency vs. linearity trade-off is very clear in these graphics, demonstrating the
increase of the distortion when the peaks of the signal are close to the compression region.

Dissemination level: Public

Page 78/ 92



MiWaveS Deliverable D3.6

6.1.2 Doherty amplifier

The Doherty amplifier was invented by William H. Doherty of Bell Telephone Laboratories
Inc in 1936 and its block diagram is shown in Figure 6-5. It consists of a main power amplifier
and an auxiliary power amplifier. The main power amplifier is called the carrier amplifier and
the auxiliary power amplifier is called the peak amplifier. The main power amplifier is usually a
Class B (or a Class AB) amplifier and the auxiliary amplifier is usually a Class C amplifier.

Carrier Amplifier
n4

14 : Pout

Peak Amplifier

Pin

Load

Figure 6-5: Doherty amplifier topology.

A quarter-wave transformer is connected at the output of the main power amplifier. Also,
a quarter-wave transformer is connected at the input of the auxiliary amplifier to compensate
the 90° phase shift introduced by the transformer in the main amplifier. The main amplifier
saturates at high input power and therefore its voltage gain decreases. The auxiliary amplifier
turns on at high input power when the main power amplifier reaches saturation. As a result,
the linearity of the overall system is improved at high input power levels.

Based on this topology, the Doherty amplifier of the Figure 6-6 was designed in order to
evaluate its feasibility in simulation at mmW. The amplifier combines also two of the basic cells
already presented in Figure 6-1.
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Figure 6-6: Doherty amplifier design.

The highly linear gain characteristic was obtained controlling carefully the turn-on point of
the peak amplifier. In this case, the efficiency figure is clearly better than in the balanced case
and also it maintains a relative high behaviour for a wider range of Pin values. This
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characteristic allows obtaining a great improvement of the overall PAE when using envelope
variating signal, such as, the 64 QAM shown in the simulations of the Figure 6-7.
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Figure 6-7: Doherty amplifier response under a 64 QAM excitation.

In this case, a 13.5% average efficiency was obtained for a back-off of 6 dB versus the 4.3%
reached by the balanced topology at these conditions.

6.1.3 Chireix out-phasing amplifier

The out-phasing transmitter concept was first introduced by Chireix in 1935 [62]. In an out-
phasing amplifier, a complex signal is decomposed into two out-phased constant envelope
signals that are applied to highly efficient and highly nonlinear power amplifiers, whose
outputs are summed to recover the amplified version of the original excitation. This
combination can be performed by using either isolating or non-isolating power combining
techniques. Out-phasing amplifiers using isolating power combiners are generally referred to

s "linear amplification using non-linear components™ or LINC amplifiers [63]. When using
isolating combiners, large out-phasing angles usually appear when high PAPR signals are
handled and most of the power is lost in the isolated port resistance. In fact, the efficiency of
this combining strategy reduces linearly with the back-off power.

When a non-isolating power combiner is employed, the two branch amplifiers interact
with each other during the out-phasing operation and hence their dynamic loads are
dependent on each other. During operation, this load is modulated according to the out--
phasing angle and hence the power is controlled. If this active load modulation is properly
utilized, it can lead to significant efficiency improvements.

The best known lossless out-phasing combiner type is the Chireix combiner. A Chireix
combiner consists of quarter wave transmission lines and shunt reactive elements as it shown
in Figure 6-8.
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Figure 6-8: Chireix out-phasing topology.

Due to the difficulties in the harmonic manipulation and waveform engineering at mmw
frequencies, the amplifier simulated was intended to operate as a saturated class B amplifier

using load pull simulations.

— Z, Trajectory
— Z, Trajectory

PAE Contours
— Pout Contours

Figure 6-9: Load-pull trajectory and contour simulations for the transistor employed at 73 GHz.

As it can be observed in Figure 6-9, the maximum output power and PAE values are too
close, so both degrade simultaneously for any load trajectory defined by the combiner. Based
on these results a simulation of the out-phasing system was carried out performing an extra
adjustment of the original amplifier cell. These results are depicted in Figure 6-10 where the
left figure represents the Pout and PAE variation depending on the load resistance for a single
cell and the right graphic represents the out-phasing profiles.
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Figure 6-10: Load-pull simulations for the transistor employed at 73 GHz.
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Although a relative high variation can be obtained with the out-phasing angle variation,
the PAE performance degrades too fast, so no efficiency improvement was obtained with
variable envelope signals. For example, using a 64 QAM signal with similar characteristics as
the previously employed in the analysis of the performance of the Doherty amplifier, an
average efficiency of around 5% was obtained.

6.1.4 Conclusion and comparison for the presented power efficient transmitter
architectures

The improvement introduced by the Doherty combination is highlighted by super-imposing
the efficiency curves as a function of Pin and back-off in the Figure 6-11. The figure additionally
includes the simulation results obtained for 16 and 64 QAM signals.
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Figure 6-11: Comparison between the simulated efficiency behaviour of the Balanced and
Doherty amplifiers.

The improvements in the PAE figure using the Doherty topology is quite evident both for
the saturated and linear zone. Even though these results are very optimistic since they have
been derived from simulations, the overall results in similar conditions demonstrate the
advantage of the Doherty combination of two of the initial cell amplifiers.

On the other hand, regarding the simulation results of Chireix-Out-phasing architecture,
we could derive the following conclusions:
Chireix out-phasing topology has problems with the reactive compensation of the
combiner shunt susceptance at mmW frequencies.
Harmonic manipulations are required for adjusting the load-pull contours
(impractical network synthesizing).
Nonlinear profiles which must be linearized, add extra complexity to the system.

Given these considerations, this topology appears not to be a suitable solution taking into
account the MiWaveS low cost and complexity objectives. In this sense, we can conclude that
the Doherty architecture is an interesting solution to explore in order to handle higher
complex signal modulations with appropriate linearity and efficiency figures at mmW bands.

6.2 Overview on EMF reduction at millimetre-wave frequencies

EMF exposure metrics are the quantification of the absorption by the human tissues of the
energy transported by the EMF. This exposure depends on the distance to the source, the
characteristics of the source (e.g. frequency), antenna patterns and gain, emitted power,
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multiple user access technique, and propagation channel characteristics. Basically, two types
of metrics are distinguished:
Dedicated to the exposure induced by sources close to the users such as personal
devices and is expressed in terms of Specific Absorption Rate (SAR) and
Focused on the exposure induced by far field sources such as access points or base
station antennas and is currently expressed in Electric/Magnetic fields or Power
Density (PD).

ICNIRP guidelines define the exposure limits in terms of SAR for frequencies below 10
GHz, and in terms of PD for the range between 10 and 300 GHz. These limits, both for general
public and occupational environments, are summarized in the Table 6-2. The all magnitudes
are to be averaged over any 20 cm? of exposed area. The maximum power densities averaged
over 1 cm? should not exceed 20 times the values averaged over 20 cm?2. The E?, H?, B2 and S
are to be averaged over 68/f-% - min period of time (f — frequency in GHz) (e.g. at 60 GHz the
averaging time is = 3.6 min).

Table 6-2: Reference levels for the frequencies range 2GHz-300 GHz.

S-Equivalent plane

E E-field st th | H-field st th ;
xposure (Sl e SIENIM | B field ( T) | wave Power Density

Characteristic V/m A/m
i |
Occupationa 137 0.36 0.45 50
Exposure
General Public 61 0.16 0.2 10

Several solutions have been proposed in order to minimize EMF exposure. The European
project LEXNET [64] focused in different radio technologies, such as: antenna design, antenna
transmission weighting, intelligent use of sleep/idle mode of hardware, and low noise receiver
design. Also, transmission techniques were examined such as: relaying, multicarrier relaying,
network interference management, and network handover. Besides, in the framework of
LEXNET, a new metrics was defined named Exposure Index (El), with the aim of unify the
exposure calculation, which has been experimented using different approaches by the telecom
community. The following equation shows the formulation of this exposure index including the
meaning of all its coefficients [64].

Nt Np Ng Npg Ny | No

Nc
— UL D DL 5]
Elgg = Z : Z Z Z . Z Z : (dr.p.l,mxc,u[ki] PTX[W]) + dr.P.e,nc,u[%] Prxmwy
t p e r u l £ =

where:
¢ Ny = number of Time periods of the 24 hours day: day and night;

3)

s N, = number of Population segments: young people, adults, seniors;
e N, = number of user Load profiles: moderate user;

e N = number of Environments: indoor and outdoor,;

e N = number of Radio access technologies:

¢ N; = number of Cell types: macro;

s N; = number of Usages with devices: voice in standing posture and
data in standing posture;
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Despite the different fields addressed in LEXNET, only a few techniques are related directly
to the transceiver hardware. Therefore, taking account the main objective of the MiWaves, the
study was focused only on the noise figure reduction of the receiver.

6.2.1 Noise figure reduction

The idea behind the noise figure reduction is to improve the receiver sensitivity, and thus
reduce the required power in the transmitter side to ensure a successful detection of the
signal. One of the figures of merit in the receiver sensitivity is the receiver noise figure which
can be decomposed into several contributions: duplexing losses, baseband processing noise
and front-end noise. In this sense, the main effort of this study is focused on the reduction of
the losses in the signal manipulation stage (see Figure 6-12), minimization of the noise,
improvement of the gain and linearity enhancement of the LNA block.

Antenna

| Signal | LNA Rest of the

Manipulation | receiver front-end

Figure 6-12: General block diagram of a typical receiver.

In the Lexnet project the relative improvement of the noise figure reduction was
demonstrated as a function of the El, (shown in Figure 6-13) assuming that only the NF is
varying in the system.

60

El Improvement ()

%25 1 15 2 25 3
NF improvement (dB)

Figure 6-13: Relative El improvement as a function of the NF reduction.

As it can be observed in Figure 6-13, in the worst case, only 0.5 dB improvement in the NF
will produce a 10 % improvement in the relative El metric. This gives us an idea of the noise
figure reduction impact on the EMF exposure.

This topic is currently under strong research. Devices based on InP and GaAs HEMTs have
demonstrated very good results for mmW very low noise applications, although, as mentioned
in section 2.5, CMOS and SiGe BiCMOS circuits with different topologies (See Table 2-7) are
being studied in order to take advances of their low cost and digital integration capabilities. At
device level, impressive results at E band have been reported using cavity structures [65]
around the gate region in InAlAs/InGaAs HEMTs (0.71 dB @ 94 GHz).

6.2.2 Transmission line simulations

As it was shown in Figure 6-12, other important parameters that impact on the receiver
sensitivity are the losses in the signal manipulation blocks, that is, the transporting, filtering,
switching, combining and routing of the signal from the antenna. In this block or combination
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of block, both passive and active circuits are involved. In this study, the behaviour of different
transmission lines was analysed at mmW in order to evaluate its impact on the system in terms
of losses.

In the Figure 6-14, an electromagnetic simulation of the wideband performance of a
transmission line implemented on a silicon substrate with different conductance values is
shown.

H_substrate = 100 pum, £r=11.9, Strip width = 80 um, Metal thickness = 2 pm
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Figure 6-14: Micro-strip line wideband attenuation simulation.

The other transmission line which has been widely employed in high frequency
applications is the coplanar waveguide (CPW). The Figure 6-15 shows the simulation of a CPW
line under the same conditions as in the micro-strip line case. In this case, the curves show a
worse performance at high frequencies compared to the micro-strip line simulations.

Due to challenges in the manufacture and adjustment of the planar transmission lines at
mmW, waveguides are frequently preferred; however their manufacturing process is difficult.
Therefore a new concept emerged: substrate integrated waveguide (SIW). SIW is a transition
between the micro-strip and dielectric-filled waveguide (DFW). The dielectric filled waveguide
is converted to a substrate integrated waveguide (SIW) by the help of vias for the side walls of
the waveguide. In Figure 6-16, an electromagnetic simulation of a SIW based on LTCC
technology is shown.

Here, almost flat characteristic is observed up to 100 GHz with the attenuation below 1 dB,
demonstrating to be a suitable technique for mmW low noise architectures.
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Figure 6-15: CPW line wideband attenuation simulation.
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Figure 6-16: Simulated wideband attenuation of a LTCC SIW line.
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7. Conclusions

The transceivers for the backhaul, access and user terminal demonstrations planned in
MiWaveS have been described. The MiWaveS backhaul links occur both in V and E band
whereas the access links use the V band. The transceivers of the demonstrations utilize proven
MMIC technologies such as GaAs and CMOS. This has turned out to be the right choice in the
beginning of the project. Proven building blocks have reduced the risk level and permitted a
timely delivery of the hardware to demonstrations.

A high integration level and compact structure have been achieved in the access point and
user terminal nodes where the transceiver and antenna are integrated on a single small LCP
interposer board. In the case of the user terminal, the board size is 1010 mm? and in the case
of the access point 2020 mm?2.The interposer boards can be further assembled on a larger
PCB by using a BGA inter-connection.

In parallel to the demonstration transceiver development, more advanced MMIC building
blocks have been developed for future high performance backhaul transceivers which can
operate with high level modulation and coding schemes and provide long link distances. The
building blocks utilize the latest silicon technologies such as 28nm CMOS FD-SOI and 55nm
BiCMOS. The new semi-conductor technologies have been described and compared with the
I1I-V compound semi-conductor technologies (GaAs, InP, GaN). The new building blocks include
low phase noise local oscillators and power amplifiers. In MiWaveS project, we observed that
in order to improve the current performance of the transceiver, an improvement is especially
needed in the output power of the transmitter but also a reduction in the local oscillator phase
noise is needed. The former relates to longer backhaul link distances and the latter ensures the
transceiver capability to operate with high level PSK and QAM modulation schemes.

For an E band transceiver, two complementary local oscillators have been developed. The first
one is a fully integrated digital E band frequency synthesizer which offers, in addition to a low
phase noise (-97 dBc/Hz at 1 MHz carrier offset), a flexible operation in both E bands (71-76
and 81-86 GHz). The oscillator consists of a 40 GHz VCO and frequency doubler. The VCO
control is implemented digitally. For instance, the loop filter is digitally reconfigurable.
Likewise the VCO linearization has been implemented digitally. The second E band local
oscillator consists of a 20 GHz VCO and frequency quadrupler. The very low noise VCO is based
on a reconfigurable four-core topology. Depending on the allowed phase noise level one, two
or four cores are switched on. When the number of the active VCO cores doubles the phase
noise is decreased by 3dB. Thus the maximum improvement in the phase noise is 6 dB. Both
local oscillators are realized in 55nm BiCMOS technology.

A 60 GHz reconfigurable power amplifier has been realized in 28nm CMOS FD-SOI technology.
The power amplifier demonstrates the linearization and enhancement of the power added
efficiency by using FD-SOI body bias which allows a reconfigurable circuit operation. The
output power 1dB compression point of 18.2 dBm has been achieved with the PAE of 21%. The
DC power consumption is only 74 mW in this operation condition. The other power amplifier
utilizes 55nm BiCMOS technology. In the E band power amplifier, the output power is
combined from four power cells. Various novel power combining techniques such as DDAT
(dual concentric distributed active transformer) and L-DDAT (linearly aligned slab based DDAT)
have been realized and tested.
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In addition to the PA building block development simulations have been performed on the
applicability of PA power efficiency enhancement techniques at millimetre-wave frequencies.
The investigated techniques include Doherty and Chireix out-phasing topologies. The
simulations indicate that the improvement in the PAE figure using the Doherty topology is
quite evident both for the saturated and linear output power zone. Even though the results are
probably somewhat optimistic since they have been derived from simulations, the overall
results demonstrate the advantage of the Doherty topology over the basic two cell balanced
amplifier configuration. On contrary, the Chireix out-phasing topology turned out to be
problematic at millimetre-wave frequencies and is not seen as a good candidate for a power
efficient millimetre-wave PA.
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