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1. Introduction

In 2001, the Federal Communications Commission (FCC) allocated an unlicensed 7-GHz wide
band in the radio-frequency (RF) spectrum from 57 to 64 GHz for wireless communications
(FCC, 2001). This is the widest portion of radio-frequency spectrum ever allocated in an
exclusive way for wireless unlicensed applications, allowing multi-gigabit-per-second wireless
communications. Other countries worldwide have allocated the 60-GHz band for unlicensed
wireless communications (Japan (Ministry of Internal Affairs and Communications [MIC]),
2008), Australia (Australian Communications and Media Authority [ACMA], 2005), Korea
(Ministry of Information Communication of Korea, 2006), Europe (ETSI, 2006)), allowing in
principle a universal compatibility for the systems operating in that band. Fig. 1 shows the 60-
GHz frequency band allocations in USA, Canada, Japan, Australia, Korea and Europe.
Another reason that makes the 60-GHz band very attractive is the coverage range, which is
limited to about 10m caused by the dramatic attenuation in the signal propagation. This is
due primarily to the high path loss at 60GHz, and moreover the peak of resonance of the
oxygen molecule, allowing several Wireless Personal Area Networks (WPANSs) to operate
closely without interfering. Moreover, at the millimetre-waves (mm-waves) it is easier to
implement very directional antennas, thus allowing the implementations of highly
directional communication links. Line-Of-Sight (LOS) communication may help in
alleviating the design challenges of the wireless transceiver.

One of the most promising applications that will benefit of the huge amount of bandwidth
available in the 60-GHz range is the wuncompressed High-Definition (HD) video
communication (Singh, et al., 2008). The reasons that make attractive the uncompressed video
streaming are that compression and decompression (codec) in transmitter and receiver,
respectively, exhibit some drawbacks such as latency which can not be tolerated in real time
applications (e.g. videogames), degradation in the video quality, and compatibility issues
between devices that use different codec techniques. The HD video signal has a resolution of
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1920x1080 pixels, with each pixel described by three colour components of 8 bits (24 bits per
pixel) and a frame rate of 60Hz. Thus, a data rate of about 3 Gb/s is required for the
transmission of the sole video data, without considering audio data and control signals.

USA (57-64 GHz)

Canada (57-64 GHz)

Japan (59-66 GHz)

Australia (59.4-62.9)

Korea (57-64 GHz)

Europe (57-66 GHz)

| I | | | | | | I | >
57 58 59 60 61 62 63 64 65 66 f[GHz]

Fig. 1. Worldwide allocations of 60-GHz unlicensed bands

Even though III-V technologies such as Gallium Arsenide (GaAs) allow the implementation
of faster active devices, Complementary Metal-Oxide-Semiconductor (CMOS) technology is
the best choice for low cost and high volume market applications. The recent advances in
silicon technologies allow us to implement integrated transceivers operating at the
millimetre-waves, enabling the realization of a new class of mass-market devices for very
high data rate communications (Niknejad, 2007). Some 60-GHz building blocks and entire
transceivers have been already published (Terry Yao, et al., 2006; Marcu, et al., 2009). In
spite of these encouraging results in the integration, there is a lack of the literature on
system-level study, which could allow us to get an insight into the implications of the
building-blocks specifications and technology potential and limitations about the overall
wireless system-on-chip implementation. Such a study could contribute to fulfil this lack of
the literature and identify more in detail the circuit- and system-level design challenges, as
dealt preliminarly in (Pepe&Zito, 2010a; Pepe&Zito, 2010b).

This Chapter reports a system-level study of a 60-GHz wireless system for uncompressed
HD video communications, carried out by means of MATLAB®. In particular, the study
is addressed to explore the implementation of 60-GHz transceivers in nano-scale CMOS
technology. The implementation in MATLAB® of a model of the high data rate physical
layer based on the specification released by the consortium WirelessHD® (WirelessHD,
2009) will be discussed. The system simulations of the bit error rate (BER) are carried out
in order to derive the requirements of the 60-GHz transceiver building blocks. This study
takes into consideration the performance achievable by using a 65nm CMOS technology.
This study includes also system simulations which consider some primary non-idealities
of RF transceivers, as the Power Amplifier (PA) non-linearity, Local Oscillator (LO) Phase
Noise (PN) and receiver Noise Figure (NF). In Section 2, the standard WirelessHD® is
described in short. In Section 3, the system simulations of the High data Rate Physical
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layer (HRP) of the 60-GHz system for uncompressed HD video communications by using
MATLAB® are described and some results are reported. Moreover, the specifications of
the building-blocks are derived. In Section 4, the results of system simulations obtained
by taking into account transceiver non-idealities are shown. In Section 5, the conclusions
are drawn.

2. Introduction to WirelessHD® specifications

Several international standard organizations and associations of industrial partners are
working to define the specifications for millimetre-wave systems operating in the 60-GHz
band (IEEE 802.15.3c, 2009; Wireless Gigabit Alliance; WirelessHD). The WirelessHD
consortium is an industry-led effort aimed at defining a worldwide standard specification
for the next-generation wireless digital network interfaces for consumer electronics and
personal computing products. The WirelessHD specifications have been planned and
optimized for wireless display connectivity, achieving in its first generation implementation
high-speed rates up to 4Gb/s at 10 meters for the consumer electronics, based on the 60-
GHz millimetre-wave frequency band. A summary of the specifications required for the
High data Rate Physical (HRP) layer is shown in Table 1 (WirelessHD, 2009).

WirelessHD® defines a wireless protocol that enables consumer devices to create a Wireless
Video Area Network (WVAN) with the possibility of streaming uncompressed HD video data,
at a typical maximum range of 10m. WVANSs consist of one Coordinator and zero or more
Stations (see Fig. 2). Typically the Coordinator is the sink of the video stream transmitted by
the Stations, for example a video display, while the Station can be a source and/or sink of data.
The Coordinator and the Stations communicate through a HRP, while the Stations can
communicate between each other by means of a Low data Rate Physical layer (LRP). The HRP
supports multi-Gb/s throughput at distance of 10m through adaptive antenna technology.
The HRP is very directional and can only be used for unidirectional casting. The LRP supports
lower data rates and has a omni-directional coverage. A summary of the specifications defined
for the HRP layer are shown in Table 1 (WirelessHD, 2009).

————
Station #2\2\ ! /M Station #4

Coordinator

Station #1 Station #3
Fig. 2. Scheme of a possible WVAN
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Parameter Value

Bandwidth 1.76 GHz

Reference sampling rate 2.538 GS/s

Number of subcarriers 512

Guard interval 64/ Reference sampling rate
Symbol duration FFT period+Guard interval
Number of data subcarriers 336

Number of DC subcarriers 3

Number of pilots 16

Number of null subcarriers 157

Modulation QPSK,16QAM-OFDM
Outer block code RS(216/224)

Inner code 1/3,2/3(EEP), 4/5+4/7(UEP)
Operating range 10m

BER <4x10-11

Table 1. Summary of the 60-GHz WirelessHD® HRP Specifications

The 57-66GHz band has been divided in four channels for the HRP, of which not all are
available everywhere, i.e. depending on the regulatory restrictions of the different countries.
A BER of 4x10-11 (quasi error-free) at an operating range of 10m is required in order to have
a pixel error ratio less than 10 for 24 bit color. This is achieved by using a concatenated
channel code made by an outer Reed-Solomon (216/224) block code and an inner
convolutional code, (4/5) and (4/7) for the least significant bits and the most significant bits
respectively (Unequal Error Protection, UEP). This is due to the fact that in video
communication, unlike data communication, the bits are not equally important: the most
significant bits have more impact on the video quality (Singh, et al. 2008), thus the most
significant bits are coded with a more robust code.

3. High data rate layer system simulations by MATLAB®

For integrated circuits characterized by a low or moderate complexity, the traditional design
approach is bottom-up. Here, the building blocks are designed individually and then co-
integrated and verified all together. This approach, while still useful for small systems,
exhibits several drawbacks if applied also to large designs. In fact, large designs could
require very long simulation time and considerable hardware (since the system is described
at transistor level). Moreover, in large designs, the greatest impact on performance and
functionality is found at the architectural level more than at the circuit level. Therefore, to
address the design of modern integrated circuits characterized by complex architectures and
consisting of mixed analog and digital subsystems, a top-down design approach is needed
to overcome the limitations of the bottom-up design strategy (Kundert, 2003). In a top-down
approach, the architecture is defined by means of block diagrams, so that it could be
simulated and optimized by using a system simulator such as MATLAB®. From these
system-level simulations, the specifications of the single blocks can be derived accurately.
The circuits are designed individually to meet such specifications, and finally the circuits are
co-integrated into a single chip. Last, the chip performance are verified and compared with
the original requirements.
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In Subsection 3.1 the HRP layer based on the 60-GHz WirelessHD communication standard
and its modelling in MATLAB® are described. In Subsection 3.2, the results of BER
simulations of such system are shown and the specifications of the building blocks for the
RF transceiver at 60-GHz are derived.

3.1 HRP transceiver in MATLAB®: description and implementation

In order to evaluate the feasibility and the performance required by the 60-GHz wireless
transceivers, system simulations of a high data rate physical layer can be carried out within
MATLAB®. The block diagram of the 60-GHz physical layer implemented in MATLAB® is
shown in Fig. 3.

After that the uncompressed HD video source data have been processed by the Media
Access Control (MAC) layer, an error protection is added to them. The input stream is coded
by means of a concatenated channel code made by an outer code (216/224, Reed-Solomon)
and an inner code (4/5, 4/7 convolutional). This error protection scheme is fairly robust: in
case of Digital Video Broadcasting-Satellite (DVB-S) standard systems described a block
diagram similar to that shown in Fig. 3, it can provide a quasi-error free BER of 10-10 - 10-11
with non-corrected error rates of 102 (DVB-S; Fisher, 2008). Interleavers are added in order
to protect the transmission against burst errors. MATLAB® provides built-in functions for
error-control coding and interleaving. Reed-Solomon codes are based on the principle of
linear algebra and they protect a block of data with an error protection.

Transmitter
[
| |
i . Convolu- . '
Video data RS Outer . Bit [
i source - encoder B interleaver | e::::ér | interleaver \
I
v [
| ¥
[
I Square- .

I i Cyclic DC/nulls/ :
L_frootraised lg|  prefix ¢ IFFT ¢ pilots o 2O%AM |
; [ cosine insertion insertion Ppe :
I filter |
' [
! J
Channel e e
]
| ]

I
| rootraimed || OYcle oc/mulls/ | | o imation | |
i L o B s RN g
! filter correction | |
I * Il
! I
! |

I
I RS Outer de- Viterbi Bit de- 16QAM :
Output data | + decoder i interleaver "# decoder B interleaver I demapper :
{ I
' I

I

Receiver
Fig. 3. Block diagram of the 60-GHz WirelessHD HRP model implemented in MATLAB

Reed-Solomon encoder and decoder can be created with the functions rsenc and rsdec
respectively:
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% RS encoder
RScode=rsenc (msg, nRS, kRS);

% RS decoder
decoded = rsdec (rxcode, nRS, kRS) ;

where msg is the input string of symbols to be encoded, nRS and kRS are the length of the
encoded and original symbols, 224 and 216, respectively. Interleaving and de-interleaving
are easily performed by means of the functions randintrlv and randdeintrlv.

The convolutional encoder uses a constrain length equal to 7, mother code rate 1/3, generator
polynomial g0=133oct, gl=171oct, g2= 1650ct (IEEE, 2009). The standard require eight parallel
convolutional encoders, in which the first four encoders for the first outer Reed-Solomon coding
branch and the last four encoders for the second outer Reed-Solomon coding branch. In Equal
Error Protection (EEP) mode all the eight encoders shall use the same inner code rate. In the
UEP mode, the top four encoders shall use rate 4/7 convolutional codes, while the bottom four
encoders shall use rate 4/5 convolutional codes. In order to ease the simulations, the EEP mode
has been considered, with a punctured code rate of 2/3 (obtained by the mother code 1/3).
Convolutional encoded data is punctured in order to make the desired code rate using the
puncturing pattern [111 0 0 0]. The code implemented in MATLAB® is shown hereinafter.

% Convol utional encoding
trellis=poly2trellis (7, [133 171 165]);
punctcode=convenc (outerbits, trellis, [1 1 1 0 0 0]);

% Convol uti onal decodi ng
decodedmsg=vitdec (rxmsg, trellis, tblen, 'trunc', 'hard',
[1 11 00 01);

poly2trellis is a function that converts the convolutional code polynomials to a trellis
description. That is used by the function convenc, that encodes the binary vector
outerbits using the convolutional encoder whose MATLAB trellis structure is trellis,
applying the punctured pattern [1 1 1 0 0 0]. On the decoder side, the function vitdec
decodes the vector rxmsg using the Viterbi algorithm.

After the coding operation, the data are modulated. A data rate of 3.807Gb/s is achieved by
employing a 16 Quadrature Amplitude Modulation (QAM) - Orthogonal Frequency-
Division Multiplexing (OFDM) modulation (WirelessHD, 2009). The bits are grouped in

1 Data subcarriers

2220 Null subcarriars
e Pilots
SRS DC subcarriens

22x8 22x8
- - -
)_n _‘ L Ln oz
[ |

A

Fig. 4. OFDM symbol in the frequency domain (with the specific choice of pilots, dc and
nulls subcarriers)

......

———
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symbols of four bits each, having values between 0 and 24-1=15. These data are sent to the
symbol mapper, which maps the input bits into 16QAM Gray-coded symbols. The 16QAM
mapper and demapper can be implemented by means of the functions gammod and gamdemod
available in MATLAB®. The output data of the symbol mapper are then parallelized, and
pilots, dc and null tones are added up. The pilot tones are used for frame detection, carrier
frequency offset estimation and channel estimation (Chiu, et al., 2000). Typically the central
subcarriers are not used since they correspond to a dc component in baseband. The outer
subcarriers are usually unused for data transmission in order to allow a low-pass filtering with
a larger transition band after the digital to analog converter (Olsson & Johansonn, 2005). The
HRP subcarriers in a OFDM symbols could be allocated as shown in Fig. 4.

An Inverse Fast Fourier Transform (IFFT) operation (size 512) is then applied to the
resulting stream in order to have OFDM symbols in which each subcarrier is modulated by
the 16QAM symbols provided by the mapper, dc, nulls and pilots. In order to improve the
immunity to inter-symbol interferences, a cyclic prefix consisting of the last 64 samples of
the symbol is inserted at the beginning of the OFDM symbol itself. A section of code of the
modulator and cyclic prefix insertion is reported hereinafter.

% 16QAM nodul ati on
l6gammod=gammod (4bitsymbols, 16, 0, 'gray');
modreshaped=reshape (16gammod, 336, mappedmsglenght/336)."';
% dc, nulls, pilots insertion
ofdmsymbolf=[zeros (mappedmsglenght/336,78)
pilot*ones (mappedmsglenght/336,1)
modreshaped(:, [1:21])

% OFDM nodul ati on
ofdmsymbolt=ifft (ofdmsymbolf."')."';
% cyclix prefix insertion
ofdmsymbolt=[ofdmsymbolt (:,[449:512]) ofdmsymbolt];

The data stream is shaped by means of a square-root raised cosine filter and then
transmitted.

As for the receiver, after that the down-conversion and filtering have been performed, the
cyclic prefix is removed from the OFDM symbol, and the Fast Fourier Transform (FFT)
operation is carried out on the received stream. Since the output of the de-mapper is
sensitive to the amplitude of the input symbols, a block for channel estimation and gain
correction has been implemented in MATLAB®. For each OFDM symbol received, the
channel response C(k) is estimated extracting the amplitude received pilot values and
dividing them by the expected values as follows:

C(k)=PII§>(<—£)<) (1)

where k is the pilot index, Prx(k) are the amplitude of received pilot values and P(k) the
amplitude of the expected pilots. Then the data subcarriers are multiplied by the inverse of
the coefficient C(k) of the nearest pilot tone.

System simulations have been performed by considering an Additive White Gaussian Noise
(AWGN) channel. The BER simulations of the system shown in Fig. 3 have been carried out.
In particular, an input string of about 6,000,000 bits has been used as source for the 60-GHz
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system, limited by the hardware capabilities of our workstation. The curves of the BER at
the input of the baseband receiver, before and after the concatenated channel coded blocks,
are shown in Fig. 5.

_a \
10 | \ -
—o—without codin \
R ithou [
10" hout cading \ -
—0—with coding \
1[]‘12 1 1 1 ] 1 1 \\I
0 2 4 6 8 10 12 14 16

Eb/NO [dB]

Fig. 5. BER with and without concatenated channel coding. The dashed line is a linear
extrapolation of the BER curve obtained by means of simulations of the system of Fig. 3

By extending linearly the last part of the curve of the BER (that is a worsening condition
with respect to the real case), we obtain a BER of 4x10-1 for a energy per bit to noise power
spectral density ratio (Eb/NO0) lower than 14 dB, which corresponds to a signal-to-noise ratio
(SNR) of 16.74 dB, as calculated from the formula

dsc
SNR|dB =Eb/N0|ClB +10xLog,ok+10%Log;, (nFFTj-'-lOXLng (

kCon j
nCon

nFFT j
+

nFFT+CP
(2)

+10xLogy, [%) +10xLog; (
n

where k=Log>(M) and M is the size of the modulation (16 in this case), dsc is the number of
data subcarriers (336), nFFT the FFT size (512), CP is the guard interval (64), kRS/nRS is the
Reed-Solomon coding rate (216/224) and kCon/nCon is the convolutional coding rate (2/3).

3.2 HRP transceiver in MATLAB®: simulation results and system specifications

From the system simulations described in Section 3 we can see that a SNR of 16.74 dB allows
the achievement of a quasi-error free BER of 4x10-11. A SNR of 23 dB has been considered to
have 6 dB of margin at least. The receiver sensitivity is equal to

Skx|ys =k T| 5 +10%XLogo(B)+SNR| , +NF| . ©)

where kg is the Boltzmann constant (1.23x10-2[W /K]), T is the antenna temperature (290K),
B the occupied bandwidth (2GHz) and NF the receiver noise figure. In order to have a

www.intechopen.com



System-Level Simulations Investigating the System-on-Chip
Implementation of 60-GHz Transceivers for Wireless Uncompressed HD Video Communications 189

receiver sensitivity of at least -50 dBm (Karaoguz, 2009), NF is required to be lower than 8
dB. This value is achievable in latest CMOS processes, e.g. 65nm.

In this study, we consider direct-conversion transceivers (homodyne, see Fig. 6) since in
principle they allow the highest level of integration.

SR-CF SR-CF
Im{data in} - —~ Im{data out}
—=| DAC =t -—{%— —»@-» - ADC
S L]
a PA LNA n
a0 ] 90
[} 6 ~Nta A
Lo 4 Lo
Re{data in} —~ L ~ Re{data out}
| DAC e -p®— L ADC
L L]

w
a
0

-CF

o

R

o

F

Fig. 6. Block diagram of a homodyne transceiver

Therefore, by taking into account the capabilities of the 65nm CMOS technology at 60 GHz,
if we consider the achievable performance for a Low Noise Amplifier (LNA) such as a gain
of 15 dB and noise figure of 6 dB (Terry Yao, et al., 2007; Huang, et al., 2009; Zito, et al,,
2007)) and for the mixer, such as a gain of -2dB and noise figure of 15 dB (Zhang, et al.,
2009)), the resulting noise figure of the LNA-Mixer cascade equals to 6.5 dB.

At 60 GHz the path loss is very high. At 10m (this is the operating range required by the
standard WirelessHD®) the free-space path loss amounts to

4ndf )
PL|dB =( c j

where d is the operating range (10m), f is the carrier frequency (60 GHz) and c is the speed
of light in air (3x108).

Thus, it results that the power delivered by the power amplifier has to be quite high in order
to provide a signal with adequate power at the receiver antenna. The typical antenna gain is
expected to be 10 to 20 dBi (Karaoguz, 2009). If we consider an antenna gain of 10 dB (both
in transmission and reception) and NF of 7 dB, then the output power delivered by the PA
has to be 14 dBm, at least, in order to achieve an operating range of 10m. This is a high
value for the CMOS implementation of the PA. Recently, examples of PAs with 1-dB
compression point higher than 14 dBm have been reported in literature (Law, et al., 2010;
Jen, et al., 2009). In spite of this, the PA has to be also highly linear, since OFDM modulation
is characterized by a very high peak-to-average power ratio (the back-off amounts
approximately to 10dB).

=88dB (4)
dB

4. Transceiver non-idealities

The performance of radio-frequency transceivers are usually described by means of
deterministic quantities such as gain, noise, linearity, bandwidth. On the other hand, digital
baseband circuitry performance are described in terms of statistic quantities, such as the
BER. In order to fill the gap between digital and RF circuits, models running in both the
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environments are needed. Radio-frequency behavioural models allow us to introduce radio-
frequency non-linearity and simulate their effects in the overall system comprehensive of
the digital baseband part (Kundert, 2003; Chen, 2006). Behavioural models of the building
blocks of the RF transceiver can be developed within MATLAB® and inserted into the
overall system model description in order to evaluate how the transceiver non-linearities
affect the performance of the system.

4.1 Power amplifier non-linearity effects

Since OFDM modulation presents a very high peak-to-average power ratio, the effect of PA
non-linearity can not be neglected in system simulations.

The output voltage (vout) of a memory-less non-linear amplifier can be expressed by:

Vout (t)=alvin (t)+a2vi2n (t)+a3v?n (t)+ e (5)

where v, is the input voltage.
By applying a sinusoidal input voltage at frequency wo (vin = Vocos(aot)) the output can be
expressed as follows:

2 3 2 3
a2;/0 +(a1V0+3aZVO JCOS(mot)"' a2;/0 cos(2m,t)+ 33;/0 cos(3agt)+... (6)

Vout (t) =

If we consider the fundamental harmonic only, the Input-referred 1-dB Compression Point
(ICP1dB) can be calculated from the formula

2010g(a1VildB)-1dB=2010g(a1Vi+%a3vis) %

where Vjgp is the voltage ICP1dB.

The third-order polynomial model above of the PA can be implemented in MATLAB® in
order to include the non-linear effects of the gain compression of power amplifier in system
simulations. By exploiting Equation (7), the MATLAB® code of the PA can be written as follows:

PA_TICP1dB_dBm=PA_OCPldB_dBm-PA_gain_dB+1;
PA_IV1dB_dB=PA_ICP1dB_dBm-30; % dBmto dB
PA_IV1dB=10." (PA_IV1dB_dB/20) % dB to |inear
PA_Vgain=10.” (PA_gain_dB/20) ;
PAout=ofdmsymbolt.*PA_Vgain-—
(ofdmsymbolt.”3) .*(0.11.*PA_Vgain.* (1/(PA_IV1dB."2)));

where PA_gain_dB and PA_Vgain are the PA gain (dB and linear voltage gain) set to obtain
the desired average transmitted output power (ie., 15 dBm in this study), and
PA_OCP1dB_dBm is the Output-referred 1-dB Compression Point (OCP1dB) of the PA. The
input-output characteristic of a PA, with 15-dB gain and 20-dBm OCP1dB, is shown in Fig. 7.
Fig. 8 reports the results of BER simulations for an average transmitted power of 15 dBm for
several values of OCP1dB. Note that BER performance are practically unaffected for
OCP1dB 10dB higher than the average transmitted power. The BER is still acceptable for
OCP1dB 5dB higher than the average transmitted power, whereas for an OCP1dB equal to
the average transmitted power the BER is impaired significantly.
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Fig. 7. Input-output characteristic of a power amplifier

These system simulations have been carried out by simulating the overall system
comprehensive of the Forward Error Correction (FEC) blocks (i.e., Reed-Solomon and
convolutional coding). In order to make faster simulations, BER system simulations without
FEC can be performed, and then the coding gain can be applied later (i.e. from simulation
results shown in Fig. we can see that for Eb/N0=14dB the BER drops from ~5*10-# without
FEC to ~10-12 with FEC).

0

10 i I I I I I I I
107k
107
o 10°k
a1}
107k
f  —24—OCP1dB=15 dBm
s —v—OCP1dB=20 dBm 1
10°F  —o—OCP1dB=25 dBm
f  —0—OCP1dB=30 dBm ]
10'6- ] ] ] ] ] ] ]
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Fig. 8. BER versus Eb/NO for several values of the output referred 1-dB compression point
of the power amplifier, for an average transmitted power of of 15 dBm
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4.2 Local oscillator phase noise effects

A simple model of the local oscillator phase noise can be implemented in MATLAB® in
order to investigate how the phase noise affects the performance of the entire system. In
order to do that, a time domain phase noise generator model has to be implemented. In this
case study the Power Spectral Density (PSD) of the phase noise is modelled with a
Lorentzian shape. The Lorentzian spectrum is constant at low frequencies and rolls off with
a first order slope after the corner frequency (Chen, 2006). The phase noise is generated by
filtering a White Gaussian Noise (WGN) through a digital filter. The power of the WGN
(Pwcn) can be expressed as follows:

®)

1IMHz
Pyan[dBI=Periase s +PN] 5 +10x10g(f, )"'10"10%{ J

P

where Ppuasg is equal to 2, PN is the Phase Noise, f; is the sampling frequency and f, the
corner frequency of the Lorentzian spectrum. This noise is by a first order low pass digital
filter with corner frequency equal to f, (MATLAB® code reported hereinafter).

% whi t e gaussi an noi se

noise=wgn (m, n, Pwgn,’dBW’);
%filtering

b=[1 17;

a=[(1+fs/ (pi*fp)) (1-fs/(pi*fp))];
pnoise=filter (b,a,noise_wgn);

The normalized PSD of the LO voltage noise for f=100MHz and f,=10kHz is shown in Fig. 9.
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Fig. 9. PSD of the phase noise modeled in MATLAB®
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In the system simulations the phase noise has been added to both the LOs of the transmitter
and receiver. The BER performance for several value of LO phase noise are shown in Fig. 10.
It can be noted how this system is very sensitive to the phase noise and that acceptable
results are obtained only for PN lower than -100dBc/Hz.

—O—PN=-120dBc¢/Hz@ 1MHz

—0—PN=-110dBc/Hz@ 1MHz ]
10°F  —v—PN=-100dBc/Hz@ 1MHz .
—A—PN=-90dBc/Hz@ 1MHz ]

10' ] ] ] ] ] ] ]
0 2 4 6 8 10 12 14 16
Eb/NO [dB]

Fig. 10. BER versus Eb/NO for several values of PN

4.3 System simulations by taking into account transceivers non-idealities

System simulations have been carried out considering an average transmitted power of 15
dBm, PA OCP1dB equal to 20 dBm, LO phase noise equal to -100dBc/Hz and noise figure of
the receiver chain (i.e. LNA and mixer) equal to 7 dB, for AWGN and fading channels
(Rician and Rayleigh). The results in terms of BER versus transmitter-receiver distance are
shown in Fig. 11.

Acceptable performance are obtained also in case of fading channels. This is due to the
channel coding, the adaptive filter at the receiver and the modulation scheme (OFDM) that
is fairly robust in presence of fading channels.

It is worth mentioning that the specifications calculated in Subsection 4.1 are related to a
transceiver with single-transmitter and single-receiver. In practice, the overall transceiver
could be implemented on silicon by exploiting multiple transceivers connected to an array of
highly directional antennas (Gilbert, et al., 2008; Doan, et al., 2004). This way, not only the
antenna beam-form can be steered in order to improve the link between transmitter and
receiver, but also the specifications of transmitters and receivers will be more relaxed, since the
power delivered will be N times greater than that delivered by a unit element and the receiver
noise figure will be reduced of 10xLogioN dB, where N is the number of transceivers in parallel.
Note that an increase in the number of elements of the array leads to higher power
consumption of the overall communication system, thus a trade-off between performance
and power consumption has to be taken into account for the optimal design of the wireless
transceiver.
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Fig. 11. BER versus distance for AWGN, Rayleigh and Rician channels

5. Conclusion

In 2001, the FCC allocated an unlicensed 7-GHz band in the 60GHz radio frequency range for
wireless communications. This band is the widest portion of radio-frequency spectrum ever
allocated for wireless applications, allowing multi-gigabit-per-second  wireless
communications. One of the most promising applications, that will benefit of such a huge
amount of bandwidth, is the uncompressed HD video streaming. In this Chapter, a 60-GHz
system for the emerging wireless uncompressed video communication has been studied and
the possibility of realizing transceivers integrated in CMOS technology has been investigated.
To address the design of modern integrated circuits, that can have complex architectures and
made by mixed analog and digital subsystems as this one, a top-down design approach is
needed. The architecture of the chip can be defined as a block diagram, and simulated and
optimized using MATLAB® as a system simulator. A model of the high data rate physical
layer, based on the specifications released by the consortium WirelessHD®, has been
implemented in MATLAB® and system simulations have been carried out. These simulations
allowed us to investigate the feasibility of the wireless transceiver in CMOS technology and to
derive the preliminary specifications of its building blocks for a System-on-Chip
implementation. The impact of transceiver non-idealities, such as PA non-linearity, LO phase
noise, LNA and mixer noise on the BER have been investigated through system simulations
made within MATLAB®. This study confirms the opportunity offered by MATLAB® as
system-level CAD tool for the design, simulation and optimization of very complex system-
on-chip, including analog, mixed-signals and digital integrated circuits, such as CMOS 60-GHz
transceivers for emerging high-speed wireless applications.
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