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SUMMARY

Subsampling techniques applied to 60 GHz radio receivers
in 28 nm CMOS technology

This thesis presents an IF to DC receiver based on subsampling for 60 GHz applications.
A particular arrangement of the frequency plan allows embedded anti-alias filtering. Down-
conversion, channel filtering and IQ demodulation are merged into a unique operation at no
extra cost in terms of area and power consumption.

The theoretical analysis of the proposed charge-domain quadrature subsampler and its
integration into a complete 60 GHz receiver is detailed in this thesis. Advanced analysis is
made for critical points of the architecture: generation of the integration windows, IQ de-
modulation, noise folding and effect of clock jitter. The proposed architecture is validated by
simulations and complies with the requirements of the standards for 60 GHz wireless com-
munications. The result of this study shows that sub-sampling is suitable for high bandwidth
and high data-rate receiver systems.

A prototype has been designed in 28 nm CMOS technology. It shows that the subsampling
operation is fully functional up to the frequency of interest : sampling at 7.04 GHz an RF
signal around 21.12 GHz. Modulated BPSK and QPSK data streams at 1.76 GHz can be re-
ceived with a BER below 107 for input powers from -10 dBm to 5 dBm. Measurements have
also shown that adjacent channels at power equivalent to the channel of interest can be tol-
erated with only small degradation of the bit error rate thanks to charge domain subsampling
architecture.

RESUME

Techniques de sous-échantillonnage appliquées aux récepteurs radio
a 60 GHz en technologie CMOS 28 nm

Cette these présente un récepteur IF vers DC basé sur le sous-échantillonnage pour appli-
cations a 60 GHz. Un arrangement particulier dans le plan de fréquence autorise I'intégration
du filtrage canal directement a I'intérieur de 'échantillonneur. La conversion basse, le filtrage
canal ainsi que la démodulation IQ sont rassemblés en une seule opération sans cout addi-
tionnel en termes de surface ou de puissance.

L’étude théorique de I’échantillonneur en courant et son intégration dans un récepteur
complet a 60 GHz est détaillée dans cette these. Une étude avancée est faite pour les points
critiques de l'architecture : la génération de la fenétre d’intégration, de la démodulation
IQ, du repliement de bruit ainsi que de l'effet de la gigue de I'’horloge d’échantillonnage.
L’architecture proposée est validée par des simulations et remplit les contraintes données par
les standards définis pour les communications autour de 60 GHz. Le résultat de cette étude
systéme est que le sous échantillonnage est une technique applicable pour les systemes a
large bande passante et a cadence de données élevé.

Un prototype a été développé en technologie 28nm CMOS. Il montre que 'opération de
sous-échantillonnage est fonctionnelle a la fréquence d’intérét : échantillonnage a 7.04 GHz
d’un signal RF autour de 21.12 GHz. Un flux de données BPSK ou QPSK a 1.76 GHz peut
étre décodé avec un taux d’erreur binaire inférieur 4 10 pour des puissances d’entrée entre
-10 et 5 dBm. Les mesures ont également montré que le systéme est capable de tolérer des
canaux adjacents a une puissance équivalente a celle du canal d’intérét avec seulement une
petite dégradation du taux d’erreur binaire grace aux échantillonneurs en courant.
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INTRODUCTION

Since the introduction of the indoor wireless communication in 1990, there has been a
constant demand for higher data rates. To answer this demand, new standards of communi-
cation around 60 GHz have been developed. At the same time, the customers need more and
more mobility. Regarding this needs the target of this thesis is defined as the creation of a
solution able to match the 60 GHz standard while reducing the global power consumption in
order to include high data rate wireless communications in mobile devices. The manuscript
is organized as follows.

Chapter 1 introduces the evolution of wireless communications since the late 90’s and
details the first version of the standard for the 60 GHz band. The evolution of the state of
the art of 60 GHz wireless receivers is detailed. This shows that years after years, more and
more building blocks have been integrated.

Chapter 2 touches on the proposed approach : the subsampling. It is a well-known tech-
nique in wireless communications, however it has never been used for carrier frequencies
higher than few GHz. A solution is proposed to integrate subsampling in 60 GHz receivers.
A theoretical study of the feasibility of such a receiver is detailed to discuss the critical points
such as noise folding and sampling jitter.

Chapter 3 details the silicon implementation of the prototype. It goes from a basic sampler
to the architecture that has been implemented in 28 nm CMOS. Layout issues in such techno-
logical node are detailed such as mismatches between paths or how to deal with parasitics.
For a continuous time operation of the samplers, a defined pattern has to be generated. This
results in the clock tree that have been integrated on-chip. Finally the architecture has been
simulated at transistor level to validate the functionality of the system.

Chapter 4 presents the measurements that have been done on the system. Several parts
have been successively tested : downconversion, demodulation of BPSK and QPSK signals
and finally the attenuation of outband blockers.

Chapter 5 closes this manuscript with a comparison of the designed prototype with the
solutions that have been proposed in the state of the art between 2009 and 2013. Prospects
based on this prototype are also introduced : hardware convergence of Wifi and WiGig with

automated synchronization
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I. Introduction

I.A. Evolution of WLANSs

Since the introduction of the Wireless Local Area Network (WLAN) technology in the late
1990s, there has been a constant demand for higher data rates.

In 1997, the first standard for WLAN was published. Figure 1.1 shows the evolution of
the 802.11 standard since the first version.

The first version defines a communication over 20 MHz bandwidth over a 2.4 GHz carrier
for 20m of indoor range. However direct sequence spread spectrum (DSSS) limits the data
rate to 2 Mbps.

In 1999, the first amendment defines the 802.11a. The spectral efficiency have been
increased because the DSSS has been abandoned in favor of OFDM. It operates around 5
GHz because the 2.4 GHz band was heavily used in 1999.

The same year, another amendment was made. In the 802.11b, the DSSS is still used
but the complementary code keying (CCK) is added and improves the performance of the
communication. Consequently, the maximum data rate is now 11 Mbps in this band.

In 2003, the two first amendments were merged into the 802.11g. This new version can
support both 802.11a and 802.11b communication modes but the carrier frequency is kept
at 2.4 GHz.

In 2009, the 802.11n is the first amendment which uses Multiple Inputs Multiple Outputs
(MIMO). This technique uses multiple antennas in order to use multiple streams at the same
time. Complex modulations schemes are used (up to 64-QAM). Moreover, the channels can
now be 40 MHz compared to only 20 MHz before. As a result, the maximum theoretical data
rate is now 600 Mbps while using 4 streams of 40 MHz.

In 2014, the official amendment 802.11ac will be made. The number of allowable MIMO
streams will go up to 8. The carrier will go up to 5 GHz which will enable channels up to
160MHz wide. The 256-QAM modulation scheme is allowed. The maximum theoretical data
rate is 6930 Mbps while using 8 streams of 160 MHz.

This growth is saturated because the allocated band is limited : 83MHz around 2.4GHz

and 200MHz around 5.25 GHz. Moreover, the latest versions of the standard offer interesting
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Figure 1.1: Evolution of the 802.11 standard
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data rates but they use the whole available band which can be annoying because nobody else
can use this band of frequency at the same time.

Consequently, a higher bandwidth standard is necessary to meet the ever increasing data
transfer needed. One solution to answer this demand is to use frequency in which large
bandwidth are available. It is the case around 60 GHz The amendment 802.11ad is the first
which uses these frequencies. With such wide bandwidth, data rates higher than 10 Gbps can

be reached.

I.B. Why do we need ever increasing data rates?

~\
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Internet Access
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Figure 1.2: Use cases of high data rate wireless applications (http://www.extremetech.com)

Figure 1.2 shows several applications which require high data rates. It is divided into four
major categories:

- Wireless synchronization between two devices :

Concerning the data transfer between two devices, if you want to transfer a 2-hour
BlueRay movie you will need around 1.4 minutes with 802.11n while it will take less than
12s with a 3 Gbps link and less than 6s with a 6 Gbps link. Who would accept to wait more
than a minute to download a movie on his handheld device? The consumer patience for this
operation is more in the 10s range than in the minute range.

- Wireless display of high definition video :

Concerning video streaming, why do we need to have ontime uncompressed video stream.
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The delay introduced by the compress-decompress operation is not compatible with a live
video game, especially when move to the 3D video versions. Uncompressed video stream
seems to be the solution for such application.
- Cordless computing and high speed wireless Internet connection

Regarding cordless computing and Internet access, the question is more open, as the
router is connected to the Ethernet with low and medium data rates with optic fiber being
deployed in the urban environment, with very high data rate capability. The WLAN should
follow this evolution. At the same time, we can imagine transmission between two devices in

the same LAN at very high data rate, without using a WiFi channel.

II. The standards for the 60 GHz band

II.A. Regulatory Status

In 2006, the standard IEEE 802.15.3c [5] has been published. It defines the foundations of
60 GHz wireless communications.

In order to address the high demand in terms of data rates, 9 GHz of unlicensed band has
been opened by the Federal Communication Commission (FCC) in 2001. This band has been
exploited for a long time for military purposes. It is now open for commercial use without

license. The regulatory status is summarized in Figure 1.3
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Figure 1.3: Worldwide available spectrum around 60 GHz [5]

II.B. Channelization
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Figure 1.4: Channelization of the 802.15.3c standard [5]

Many companies created their own standards for specific use cases after 2006 : WiHD,
ECMA-387 and WiGig. They all follow the IEEE 802.15.3c standard for the channelization.
Four channels are defined. The center frequencies are shown in Figure 1.4. The channel
spacing is 2.16 GHz. Each channel is 1.76 GHz wide. In Europe, the four channels are
defined in the 57 - 66 GHz band while in the rest of the world, some of the channels are not

available due to the regulatory status.
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II.C. Physical Layer

Three different physical models are defined in [5] :

Single Carrier (SC). It intends to cover systems with a high degree of flexibility in order
to allow implementors the ability to optimize for different applications. Three classes of
modulation and coding schemes (MCSs) target different wireless connectivity applications.
These classes are defined in the following section.

High Speed Interface. This mode is designed for devices with low-latency, bidirectional
high-speed data and uses orthogonal frequency domain multiplexing (OFDM). It supports a
variety of MCSs using different frequency-domain spreading factors, modulations, and low
density parity checks block codes. The data rate could be higher than 5 Gbps which is equiv-
alent to the SC mode but the spectral occupation is lower using OFDM.

Audio / Visual mode. Typical video and audio consumer electronics are configured either
as a source of data, e.g., a video disc player, or as a sink, e.g., a display. For these applications,
the data flow is highly asymmetric. Thus the Audio/Visual (AV) is implemented with two dif-
ferent modes, the high data-rate and low data-rate, both of which use orthogonal frequency
domain multiplexing (OFDM). The data rates goes from 0.952 Gbps to 1.904 Gbps for the
high data-rate and from 1.5 to 10.2 Mbps for the low data-rate.

In this work, the target is to implement high frequency wireless links for mobile devices.
Targeting mobile devices means that the system design should be aware of the power con-
sumption. Systems using OFDM have to include Fourier transforms and inverse Fourier trans-
forms which are quite complicated to implement, need high signal to noise ratio and are quite

expensive. Consequently, this thesis focuses on the single carrier transmission mode.

I.D. Classes defined in the Single Carrier mode

In the single carrier transmission mode, several modulations are allowed. Each class defined
for the single carrier transmission mode (Section II.C.) uses a proper modulation scheme and
enables consequently a defined data-rate.

Class 1 is specified to address the low-power low-cost mobile market while maintaining
a relatively high data rate of up to 0.88 Gbps. Class 2 is specified to achieve data rates up

to 3.3 Gbps. Class 3 is specified to support high performance applications with data rates in
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The first class (lowest data rate) uses the simplest constellation : binary phase shift keying

(BPSK). The second class uses quadrature phase shift keying (QPSK). The third class uses 8

phases shift keying (8-PSK) and 16 quadrature amplitude modulation (16-QAM). The higher

the modulation, the higher the needed signal to noise ratio (SNR). In order to receive the

signal with an acceptable bit error rate (BER), the received SNR should be high enough.

Table 1.1 sums up the three classes with their corresponding modulation schemes and the

data rate possible in the configuration. This thesis focuses on the first two class which use

modulations shown in Figure 1.5.

Class Modulation Data-rate
1 BPSK From 0.025 to 0.88 Gbps
2 QPSK From 1.76 to 3.3 Gbps
3 8-PSK or 16QAM From 3.96 to 5.28 Gbps

Table 1.1: Classes defined in the standard, modulation schemes and data-rate.

(a) BPSK for Class 1
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(b) QPSK for Class 2

Figure 1.5: Ideal constellations for single carrier transmission modes (class 1 and 2)
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III. State of the art of 60 GHz receivers from 2001 to 2009

Since the opening of the 60 GHz band for commercial use, publications intend to implement
more and more elements of a receiver in the same chip. This part of the manuscript shows
the evolution of the state of the art from first solutions based on III-V semiconductors to the
most advanced solution based on CMOS technology in 2009. This state of the art spans the
period preceding the beginning of this thesis work. Latest developments will be detailed in

Chapter 5.

III.A. First solutions based on III-V semiconductors

Figure 1.6 shows the evolution of the maximum application frequency of CMOS and Si-Ge

with the transistor size.
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Figure 1.6: Maximum application frequency for CMOS and SiGe by transistor size (fr/8) [6]
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