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Design of Equalizer for Multi-Gbps Transmission

Indoor Wireless SC/OFDM Receiver
Student : Fu-Chun Yeh Advisor : Prof. Shyh-Jye Jou
Department of Electronics Engineering
Institute of Electronics

National Chiao Tung University

Abstract

This thesis proposes an adaptive LS-LMS FDE and LOS Goaly-MPIC TDE that
can satisfy the dual mode (SC.and HSI) specifications of IEEE 802.15.3c. The
hardware of both methods can be shared by SC and HSI mode to reduce hardware
complexity. The LS-LMS FDE combines LMS adaptive algorithm with LS channel
estimation. The LMS algorithm has the advantage of low computational complexity
and sufficient convergence speed with the aid.-of LS channel estimation. The
simulation results show that the LS-LLMS FDE can achieve 6.01*10* BER in SC
mode and 9.68*10° BER in HSI mode (both uncoded) at SNR 12 dB. The total area is
about 415K gate-count with 69% shared among SC and HSI mode except 2 FFT. The
power consumption excluding FFT is only 81.27 mW when working at 400MHz. On
the other hand, the Golay-MPIC TDE uses Multi-path Interference Cancellation
(MPIC) equalization with Golay sequence-aided channel estimation. The MPIC
algorithm can reduce the hardware complexity unlike traditional time-domain
equalizer and Golay sequence-aided channel estimation will eliminate the AWGN
noise. The Golay-MPIC TDE can achieve 2.53*10 BER in SC mode and 4.22*10
BER in HSI mode (both uncoded) at SNR 12dB. The total area is about 405K

gate-count with 99% shared by SC and HSI mode. The power consumption is only 88



mW when working at 400 MHz.

The proposed different domain architectures are integrated in two indoor wireless
communication baseband receiver systems. For the high speed and area efficiency
considerations, the overall system designs are implemented using 65 nm 1P9M
CMOS GP process under supply voltage 1.0 V. The LS-LMS FDE chip occupies
7.81mm? core area with 65.91% utilization, and the clock rate is 333 MHz. The data
rate of SC and HSI mode can achieve 3.52 Gbps and 5.28 Gbps, respectively. Also,
the power consumption is 793.98 mW. The shared memory is 32.68% of the baseband
system which is shared by BD and FDE blocks. The core area of Golay-MPIC TDE
chip is 7.95 mm? with 88.93% utilization, and the clock rate is 336.7 MHz. The data
rate of SC and HSI mode can achieve 3.52 Gbps and 5.28 Gbps, respectively. Also,
the power consumption is 1.12 W. The BD, TDE and PNC blocks use the same shared

memory which is 37% of the baseband system.
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Chapter 1

Introduction

This chapter introduces the indoor wireless communication for 60 GHz with
multi-Gbps transmission in Section 1.1. Section 1.2 is the motivation of this work

about dual mode equalizer, and Section 1.3 is the thesis organization.

1.1 Indoor Wireless Communication Standards for 60 GHz

with Multi-Gbps Transmission

The wireless communication itechnology has been developed for many years.
Because of the improvement on CMOS process, the high-speed wireless transmission
becomes a promising technology in recent years. For @ newly developed wireless
communication system, the selection of the operating frequency band is an important
issue. Since the 60 GHz RF band is unlicensed in' many countries as shown in Fig. 1-1
[1], the development of a wireless communication system on 60 GHz RF band does
not need license and becomes a promising technology in recent years. With about 9
GHz-wide bandwidth, the data rate can be very high. Moreover, due to the property of
short transmission range, the security issue is protected and the reuse rate is very high.
Based on these benefits, the wireless communication system using 60 GHz RF band is

suitable for indoor and Multi-Gbps data rate transmission.
Three main features of 60 GHz are [2] [3]:

*  First of all, the available bandwidth is wide. (57.0-66.0 GHz) and can provide

Multi-Gbps transmission.
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e Second, the 60GHz frequency band is license-free in most country.
*  Finally, the reflection of the signal is attenuated quickly, so the transmitter

needs to aim at the receiver. Therefore, beamforming is required.

USA

éanad'a

apa

XXX Q o = @ -
b eee] O }---4

Australia

Europe

57 58 59 60 61 62 63 64 65 66 GHz

Fig. 1-1 Unlicensed band at 60 GHz in different countries

There are two wireless communication standards using 60 GHz RF band: IEEE
802.15.3c [4] and IEEE 802.11ad [5]. IEEE 802.15.3c is announced in 2003 and the
latest version is released in 2009. IEEE 802.11ad is a 60 GHz version of 802.11 series
and looks for compatibility with 802.15.3c in PHY. Both standards have Orthogonal
frequency-division multiplexing (OFDM) and single carrier (SC) mode, and focus on
indoor, over Ghps data rate wireless transmission. The data rate of SC and OFDM
mode in two standards can achieve over 4.6 Gbps and 6.7 Gbps, respectively. The

detail comparison of two standards will be discussed in Section 2.1.
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1.2 Motivation

OFDM has been developed for many years due to its inter-symbol interference
(1SI)-free property. With cyclic prefix (CP), OFDM turns a group of samples with ISI
in the time domain into the I1SI-free sub-channels, which can be easily equalized by a
single-tap equalizer. The orthogonal sub-carriers of OFDM provide high spectrum
efficiency and can achieve high data rate requirement. Although OFDM is able to
eliminate the ISI, it has the drawback of high peak-to-average power ratio (PAPR).
An OFDM signal is composed of N sinusoidal waves, where N is number of
sub-channels. As N increased, the PAPR gets higher, and the system requires a power
amplifier with large linear region in. RF end. Furthermore, OFDM suffers from
inter-carrier-interference (ICI) caused by carrier frequency offset (CFO) or Doppler
Effect, which ruins the orthogonality between each sub-channel. On the other hand,
SC is less affected by PAPR and ICI than. OFDM. while using time-domain
equalization. However, the ISl impacts the performance and the computational
complexity of time-domain equalizer (TDE) is very high as the RMS delay spread of

channel increasing.

In baseband system, it has three main blocks. First, a synchronization block
includes symbol/preamble detection, CFO, and SCO estimation. The second block is
channel estimation and equalization. The final block is channel decoder that corrects

the error bits. This thesis focuses on the channel estimation and equalization design.

It’s better to implement SC and OFDM dual mode equalization design with only
one method, so that least hardware cost and maximum hardware sharing can be
achieved. As mentioned before, SC and OFDM both have advantages and

disadvantages, so this thesis will propose two kinds of equalization which are in

6
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time-domain and frequency-domain respectively. It depends on the channel condition
and computational complexity overhead to choose the corresponding equalization
method. In IEEE 802.15.3c and IEEE 802.11ad standards, to achieve high
transmission sampling rate, it is a challenge to meet timing requirement while
maintain low hardware complexity. Parallel architecture is proposed to solve the high
sampling rate and hardware complexity dilemma. Power consumption is also a critical

problem when operating at such high data rate.

1.3 Thesis Organization

The organization of this thesis is as follows. Chapter 2 compares the difference
between IEEE 802.15.3c and IEEE 802.11ad. Then, we give the overview of IEEE
802.15.3c standard. Chapter 3 first- makes overview of traditional frequency domain
equalizer (FDE) and time domain equalizer (TDE), and then the proposed algorithms
for FDE and TDE are described. The hardware  architecture design and RTL
simulation result are addressed in Chapter 4. Also, we will discuss the advantage and
disadvantage between the proposed FDE and TDE. In Chapter 5, baseband receiver
system and chip implementation of the proposed FDE and TDE are presented. Finally,

Chapter 6 is the conclusion and the future work.
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Chapter 2
Overview of Multi-Gbps Transmission
Indoor Wireless Communication

Standards

This chapter introduces the standards for indoor wireless communication. Section
2.1 makes comparison of IEEE 802:15.3c_and IEEE 802.11ad. The detail
specifications of IEEE 802.15.3c will be described. in Section 2.2 with special

emphasis on equalization related parts and channel model.

2.1 Comparison of IEEE 802.15.3c and IEEE 802.11ad

Both standards have OFDM and single carrier (SC) mode and have quite the same
system specifications. The comparisons of these two standards are listed in Table
2-1[3]. In the 802.11ad, a new mode, named low power SC PHY, is added. This mode
aimed to have low data rate with low power consumption. The low power SC mode
uses Reed-Solomon (RS) code instead of low-density parity-check (LDPC) for
channel coding to reduce the computational complexity and power consumption.
Besides, the payload of this new mode is different with the other modes. The data
block length is still 448 like the SC mode; however, it is divided into 7 sub-blocks
which are composed of 56 data chips and 8 known data chips for GI. If single carrier
frequency domain equalizer (SC-FDE) [6] is adopted in the receiver, a smaller

sub-block length will reduce the power consumption. It is because frequency domain
8




Chapter 2 Overview of Multi-Gbps Transmission Indoor Wireless Communication Standards

equalizer needs less tap to equalize the received signals.

The following sections will focus on system specifications of IEEE 802.15.3c,

since the final version of IEEE 802.11ad is not yet released.

Table 2-1 Comparison of 802.15.3c and 802.11ad

| 802.15.3c 802.11ad |

Frequency Band 57-66 GHz

2640 MHz (OFDM)
1760 MHz (SC)

Common Mode

Signaling(CMS) Control PHY(SC)

(SC)

SC SC PHY

High Speed

Interface(HSI) OFDM PHY
(OFDM)

Audio/Visual(AV)
(OFDM)

No low power SC PHY
LDPC,

RS(for low power SC)

Preamble Structure Almost the same

OFDM : 512 + 64 (Gl), 336 useful subcarriers
Payload Structure SC: 448 + 64 (known GI)
low power SC : [56 + 8 (known GI)]*7+64

Sample (Chip) Rate

No

Channel Code LDPC

Number of Pilot

Both are 16, but with different location
(OFDM)
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2.2 IEEE 802.15.3c Specifications

The IEEE 802.15.3c standard which is based on SC and OFDM transmission is
developed for Wireless Personal Area Network (WPAN) to provide short range (<10
m) and very high speed (>2 Gbps) multimedia data services to personal computer and
consumer appliances located in rooms, offices, and so on [7]. In the beginning of
transmission, IEEE 802.15.3c uses Common Mode Signaling (CMS) and a preamble
is attached in front of the data stream. The CMS is specified to enable interoperability
among different PHY modes. After the CMS, the frame payload is transmitted in
different PHY modes. The preamble is added to aid receiver algorithms related to
AGC setting, antenna diversity . selection, timing acquisition, frequency offset
estimation, frame synchronization, and channel estimation. With insertion of CP, it
can reduce the impact of“ISl. With channel coding, the system can correct the
transmission errors. Furthermore, 'the standard defines interleaving, scrambler,
unequal channel coding, and. several modulation. scheme to achieve better

performance.

2.2.1 Basic Specifications

In IEEE 802.15.3c, there are three transmission modes: Single Carrier (SC) mode,
High Speed Interface (HSI) mode, and Audio/Visual (AV) mode. HSI and AV mode
use OFDM transmission, and SC mode is single carrier transmission. The detail

specifications of SC and HSI mode are listed in Table 2-2 and Table 2-3 respectively.

The RF band occupies 9 GHz bandwidth while the sampling rate is 1760 MHz as
shown in Fig. 2-1. The standard indicates that the RF band is divided into four

sub-bands such that the Nyquist bandwidth of each sub-band is exactly 1760MHz. In

10



Chapter 2 Overview of Multi-Gbps Transmission Indoor Wireless Communication Standards

addition, each sub-band has 432 MHz spacing to prevent the interference from each

other. In this case, the RF band can support 4 transmission bands without any

interference.
/ CHNL \/ CHNL \/ CHNL \/ CHNL \
57.24 59.40 61.56 63.72 65.88 GHz

Fig. 2-1 RF band plan

Table 2-2 SC mode specifications

Description

Chip rate (MHz)

Chip duration (ns)

Subblock length (samples)

Pilot length (samples)

Length of data chips per subblock
56

(samples)

n/2 BPSK, m/2 QPSK,
Modulation schemes
n/2 8-PSK, n/2 16-QAM

RS(255,239), LDPC(672,336),
FEC types LDPC(672,504), LDPC(672,588),

LDPC(1440,1344)

Transmit center frequency tolerance
125

(ppm)

Required frame error rate (FER)”

*. FER is determined at the PHY Service Access Point interface after any applied error correction
methods. The measurement shall be performed in AWGN channel with a frame payload length of 2048

octets.

11
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Table 2-3 HSI mode specifications

Description Value

Sampling rate (MHz) 2640

Sampling period (ns) ~0.38

Number of subcarriers/FFT size 512

Data/pilot/guard subcarriers 336/16/141

Guard interval length (samples) 64

Subcarrier frequency spacing (MHz) 5.156

Modulation schemes QPSK, 16-QAM, 64-QAM

LDPC(672,336),
LDPC(672,504),
FEC types
LDPC(672,420),

LDPC(672,588)

Transmit center frequency tolerance
120

(Ppm)

2.2.2 Equalization Related Specifications

In this standard, there are some well-known data streams that are assigned to
specify different purposes, i.e. MAC layer control signal, the piconet coordinate
signal, or the performance improving signal. This section will introduce the specific

signaling that is directly related to the equalization.
e Common Mode Signaling(CMS)

The CMS is a low data rate SC mode and specified to enable the switching among

different PHY modes. It’s also used for transmission of the beacon frame, sync frame,
12
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command frame, and training frame in the beamforming procedure. The order of

sequences in time is SYNC, SFD and CES.

Time
< .
CMS
| 11
CES SFD SYNC
0128025682560 25682568128 D128D12801280128D128D128D128 b1,5(48 repetition)

Fig. 2-2 CMS frame format
As shown in Fig. 2-2, the CMS preamble is constructed by Golay complimentary
sequences ajpg and byog of length 128, which are listed in Table 2-4. The SYNC field
uses a repetition of codes for higher robustness frame detection. The main purpose of
SFD is used to establish frame timing as well as the header rate. The CES field is used
for channel estimation. The sequences azss and byss inside the CES steam also hold

the property of Golay complimentary,.and can be-decomposed as

Qs =[Dy508,156]
256 _128 128 (21)
Dss = [D1g81s]
, where b, and by, in the sequences are transmitted first in time and the

binary-complement of a sequence X is donatedas X .

Table 2-4 Golay sequences

Sequence name Sequence value

128 0536635005C963AFFAC99CAFO5C963AF

D12g 0A396C5FOACG66CAOF5C693A00AC66CAD

13
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e SC and HSI PHY preamble

A PHY preamble is added to aid the receiver algorithms such as AGC setting,
timing acquisition, frame synchronization, and channel estimation. After the CMS, the
system will switch to the designated mode and begin to transmit the data payload. In
each beginning of transmission, the transmitter will send a PHY preamble to aid the
receiver algorithms, just like the one in CMS. In SC mode, the preamble is
transmitted at the rate of 1760 MHz. The SC PHY frame format and preamble

structure are shown in Fig. 2-3 and Fig. 2-4.

Time
< .
PHY Payload field Frame header PHY preamble
Fig. 2-3 SC PHY frame format
SC PHY preamble
|11
CES " SFD SYNC
b1280256825602568256 HR[[:j::zjja?::;;Z:]] aiog(14 repetition)

Fig. 2-4 SC PHY preamble structure

Like CMS preamble structure, the PHY preamble consists of SYNC, SFD, and
CES field. Each of the field functions like the one in CMS preamble: SYNC field for
frame detection, SFD field for validating the beginning of the frame, and CES field

for channel estimation.

The preamble of HSI mode is transmitted at the sampling rate of 2640 MHz. Two
types of preamble are defined for this mode: the long preamble and optional short

preamble. The former has the same structure as the CMS, and the latter has the same

14
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structure as defined for the SC mode.

e Data Payload and Pilot Channel Estimation Sequence(PCES)

In SC mode, the data stream is divided into data blocks with each data block has
64 sub-blocks, as shown in Fig. 2-5 and Fig. 2-6. Each data block is followed by a
PCES. The PCES insertion is an optional feature that allows the system to re-acquire
the channel information periodically. The PCES is the same as the CES field in the SC

PHY preamble and is shown in (2.2).

PCESSC = [a256b256a256b256 b128] (22)

Since PCES contains the information of the CES field, this cyclic prefixed signal
can provide the channel information periodically. These. pilot words which are coea.
and c;b,_ are used for timing tracking, compensation for clock drift, and compensation
for frequency offset error. Furthermore, the -pilot words-act as the cyclic prefix and

enable the frequency-domain equalization.

SC PHY Payload

BlockN Blockl PCES Block0

D1280256825602568256

:: :| Block3 | Block2 | Blockl | Block0 |
—————— —_—" |

- |

| clbL| Data | _—| Data |clbL | Data |clbL C;L | Data | _—| Data |coaL Data | CoaL
o o Subblock
— length le—
Lsupbiock
|P1'lotw0rd|

_>| length |<_
Lew |

64 subblocks

Fig. 2-6 SC data format
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In HSI mode, every 96 (Npces) OFDM symbols will insert one PCES, as shown in
Fig. 2-7. In one OFDM symbol, cyclic prefix of 64 samples is added to prevent ISI
effect. The PCES is identical to the CES field prepended by a;»g in the PHY preamble

which is shown in (2.3).

PCES, ) = [21268556D 56256056 0126 ] (2.3)

HSI PHY Payload
Npces OFDM PCES s Npces OFDM PCES Npces OFDM
symbols symbols symbols
- |
|cP| Dwa |cp| . [cP| Dma |cp
 — e e
! 512 164

Fig. 2-7 HSIPHY payload structure

2.2.3 Channel Model

Under the 60 GHz RF band, there are some special properties when waves are
transmitted in the air that is much different from those below 10GHz RF band channel.
Due to strong directivity, wave reflexes, diffracts, and scatters slightly. Also, the
energy of the wave centralizes in a certain angles. Since the oxygen absorbs the wave
in this RF band, the transmission distance is very short, less than 10 meters, which
leads to negligible multipath effect. Based on these properties, IEEE 802.15.3c
standard is pronounced for the indoor, over Gbps data rate wireless transmission using
60 GHz RF band. In general, for such a high data rate, the channel would be
influenced a lot by line-of-sight (LOS)/non-light-of-sight (NLOS) channel,
root-mean-square (RMS) delay spread, Doppler Effect, and negligible multipath effect

when the wireless communication system operates under the 60 GHz RF band. These
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properties are listed below:

* High Path Loss

While the EM wave passes through the medium, the medium absorbs the energy
and limits the distance that the EM wave can travel. The more energy it lost, the
shorter it can travel. The ratio of energy loss is mainly depends on the characteristic of
the medium and the EM wavelength. The wavelength of 60 GHz wave is close to the
length of the oxygen chemical bond, so the wireless communication in 60 GHz RF
band suffers tremendously high path loss. As the result, the transmission distance is
limited to about 10 m in maximum. Moreover, the effect of the multi-path fading is
reduced since the non-line-of-sight (NLOS) wave. travels more distance and loses

more energy than the line-of-sight (LOS) wave.

e Strong Directivity

The strong directivity means that the EM wave energy almost centralizes in a
small angle path. Based on physical” principle of diffraction, the beam width is
inversely proportional to the operating frequency [8]. This phenomenon shows that
the antenna can only receive the signal from the transmitter antenna within a small
angle range. In conclusion, the NLOS path has lower path gain relative to the LOS

path, and the multi-path fading effect is small.

The channel model is based on the golden set released by IEEE 802.15.3c group
[9] [10]. The golden channel with RMS delay spread 3.2ns is chosen as the simulation
channel model. Fig. 2-8 and Fig. 2-10 are SC channel impulse response and channel
frequency response with sampling rate 1.76GHz, respectively. Fig. 2-9 and Fig. 2-11

are HSI channel impulse response and channel frequency response with sampling rate

17
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2.64GHz, respectively.

0.97 .

Amplitude
o o o o e o
w ~ 3] o ~l o]
| | 1 | | |

o
ha
1

Delay (1/sampling rate)

Fig. 2-8 SC channel impulse response

0.9 .

e o
[} Lo}
1 1

Amplitude

o
=
1

0.3 .
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0 U TLLKET
0 5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100
Delay (1/sampling rate)

Fig. 2-9 HSI channel impulse response
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Fig. 2-10 SC channel frequency response
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Fig. 2-11 HSI channel frequency response
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Chapter 3
SC/OFDM Dual-Mode Frequency and

Time Domain Equalizer

This chapter will review frequency and time domain equalization with channel
estimation in Section 3.1 and 3.2 respectively. Section 3.3 is the proposed frequency

and time domain equalizer.

3.1 Review of Frequency Domain Equalization (FDE) [11]

A simple illustration of fully parallel FDE is shown in Fig. 3-1. The input passes
through Serial-to-Parallel block and transforms to frequency domain by FFT. Then,
the frequency domain data is multiplied with coefficients W and then transformed
back to time domain by IFFT. Unlike TDE, the number of coefficients in FDE is fixed
without regard to the length of the channel impulse response. The potential problem is
when the length of the CIR is longer than the length of the CP. In that case, the
circular convolution is ruined and FDE fails to equalize the channel effect. However,
the channel model shows that the maximum length of CIR is far less than the length

of CP, so this system does not have each problem.
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v
"

FFT IFFT

W511 %

Fig. 3-1 Structure of fully parallel FDE

input —»{ S/P

Y

Y

P/S — output

The formula of circular convolution can be transformed into a simple multiplication

in the frequency domain, and the capital letter means frequency domain signal:

R=H.D (3.1)

,where H is a diagonal matrix, R is a received signal vector, and D is transmitted data
vector. To recover the transmitted data, we multiply the inverse of H on both sides of

equation:

H®*.R=H'.H.D=D (3.2)

, Where the inverse of H is also a diagonal matrix. After CP removal, we can fully

recover the transmitted signal D.

The above equations describe the ideal case: no AWGN and time-variant channel.
In reality, the white noise always exists due to the thermal noise, and the channel
varies with time due to many effects, such as related movement, air flow, or moving

object. Thus, the equation should be:

R =J,(t)-H,-D, +N, (3.3)
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, Where Ji(t) means the time-variant effect matrix, Ny is a AWGN vector, and Kk is the
index of the subchannels. If we simply multiply the inverse of Hy all the time, the
time-variant effect will corrupt the data. Furthermore, to get the accurate inverse of Hy
is a difficult job under AWGN. To break through the predicament, the first thing is to
overcome AWGN and get the inverse of Hy as accurate as possible. Then, an adaptive
algorithm is performed to track the changes in the time-variant channel. In this way,

the time-variant component Ji(t) is no more an issue in the equalization.

3.1.1 Channel Estimation

In the beginning of the transmission, the transmitter sends the time-domain
training sequence asegboss (=Usiz) located in CES field to assist the equalization as
shown in Fig. 2-4. With the training-sequence, we can easily estimate the channel

matrix Hy, which is the inverse of the coefficients \W.

H, = (3.4)

,where Us;, is the frequency domain constant value of us;2, and Kk is the sub-carrier

index.

This solution is known as zero-forcing (ZF) method. The benefit is the simple
implementation, but this method suffers from a problem: noise enhancement. With

AWGN, Eqgn. (3.4) is revised as Eqgn. (3.5).

U
Wk _ 512,k (3.5)
Hk 'U512,k + Nk

The noise enhancement occurs when the channel gain Hy is so small that the noise

N is the dominant part in received signal. In that case, especially with large Ny, the
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estimation result is far away from perfect estimation.

Since there are 2 Us;, in CES, using Least-Square (LS) method is a better way
than using ZF. The main point of LS is to minimize the sum of the squares of the error.

First of all, the equalization can be described as:

R, = (3.6)

Rk,i — U512,k,i +g|
e’ (3.7)
€ = Rk - U512,k,i

Then, we need to minimizethe sum of the squares, so let the partial derivative on

W, be zero.

S= zgiz i Z(Rki ——Um'k'i )?
i i ' W,

oS U s 9
o OR . _512ki o Ts12kiy _
W, i Z( “wW W, )
Finally, the solution of W, indicates the system will have minimum of S.
R ZU§12,k,i
= (3.9)

W — 1
‘ Z Rk,iU512,k,i)

Since there are 2 Usg, (i=2) in CES and Us;, is constant all the time, it can be

rewritten as:
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. 2U2 U U
W, = oz s Uua (3.10)
QRIVsz 1Y R, LRu+R)
Substituting Ry with Us;,, the channel estimation result is:
A Usio. Usia (3.11)

k = =
%Z(Hk,iuﬂlk + Nk) %(Hk,lUSlZ,k + Hk,2U512,k)

With the summation of Ny, the noise enhancement is reduced since the mean of

AWGN is zero.

3.1.2 Adaptive Equalization

In OFDM system, pilot subcarriers are designed to indicate the changes of the
time-variant channel. However, we do not have any known message in the frequency
domain when the system is SCBT. Thus, our FDE requires an adaptive algorithm
against the time-variant channel.

There are many adaptive algorithms developed in the literals. These algorithms
mainly focus on their computational complexity and convergence speed. The widely
used algorithms are Minimum-Mean-Square-Error (MMSE), Recursive-Least-Square
(RLS), and Least-Mean-Square (LMS) [12],[13]. Due to 2640MHz sampling rate,
high computational complexity algorithms are not suitable for such high sampling rate
system because of high hardware complexity and power consumption. Furthermore,
using the information of SNR is not practical in the hardware design. Based on above

the considerations, we will show that LMS is a good choice for the FDE.

Let’s consider the block diagram of the adaptive FDE shown in Fig. 3-2. R is the

output from FFT, and the adaptive FDE do the equalization and update filter
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coefficients W. The FDE output is transformed back to time domain and decision of
data is made by the demapper. The error E is the difference between FDE output and

the training sequence (or sliced output when the data is transmitted).

R_| Adaptive
™ EDE FDE output
fw
Update | g Y | o— Sliced output
Channel
Coefficient e— Training sequence

Fig. 3-2 Illustration. of adaptive FDE

The idea of LMS algorithm is to-use the method of the steepest descent to find a
set of W which minimizes the cost function. In our design, the FDE takes a subblock
into the equalization, so the cost functionshould involve a block of errors, which is so
called Block LMS (BLMS) [14]..However, since the equalization is independent of
each subchannel, we can consider each cost function Cy in each subchannel

independently instead of whole subblock.
C. =EX{|E[} (3.12)

The notation of Ex{.} is used to denote the expect value because we don’t want to
be confused with the error E. Then, applying the steepest descent is to take the partial

derivative with respect to the filter coefficients W.
VC =VEX{EE}=2EX{VEE} (3.13)

Since the equalization is independent of each subchannel, Egn. (3.13) is equal to
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zeros when the error E and coefficient W are in different subchannel. Then,

substituting E with received signal R, we can rewrite Eqn. (3.13) as

_dE, d(D,-W,R,) _
AW, dw,
dC,

k

-R,
(3.14)

= —2E{R.E}

, Where k is the subchannel index. Now, these derivatives show the steepest ascent of

the cost function. To find out the minimum of the cost function, we take a step size of

% in the opposite direction of the derivatives.

dC,., .
Wina =W, _g dV\;] =W, ,+uEX{RE} (3.15)
k,n

, Where n indicates the subblock index or symbol index at SC or OFDM mode.

The expected value can be simplified, and the whole LMS algorithm can be

expressed as:
LMS: W, =W,, +uRE; (3.16)

The derivations of MMSE and RLS can be found in [16], [17]:

H,

MMSE: W, = (3.17)

2

* 6
Hka +72
GS

Y =WR
U=PY’
RLS: 1 (3.18)

9, = U
A+YU
Wn+1 = Wn + gnEn
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, Where n indicates the subblock index or symbol index at SC or OFDM mode, o&?
and o2 are variance of noise and signal respectively, Y is equalized signal, U is the

intermediate vector, and g, is the gain vector.

Compared with MMSE [15]-[17] and RLS [18], [19], the LMS algorithm has less
computational complexity than RLS since there is only one multiplication for
updating at each sub-channel. In hardware design, more operations on updating will
cause a longer feedback latency. The latency will impact the performance since the
coefficient of equalizer can not be updated immediately. In high sampling rate system,
high computational operations will required more pipelined stages, thus the latency is
much longer. Furthermore, the low computational complexity leads to low power
consumption. The low power issue is more important in the modern SOC design. In
that case, LMS also has the advantage of low power consumption property. On the
other hand, MMSE also has less computational complexity than RLS, but it requires
the information of SNR, which is hard to be evaluated since there are Doppler and
channel Effect on the received signal.-Although there are some algorithms [15]-[17]
trying to do SNR evaluation, the result is still not reliable in the practical system.
Based on these considerations, LMS is suitable for FDE in high sampling rate design
and can also achieve the required bit error rate (BER) with LS channel estimation that

will be mentioned in Section 3.3.2.

3.2 Review of Time Domain Equalizer (TDE)

The basic structure of the TDE is the FIR filter, which performs the convolution
between data stream and the filter coefficients. A simple illustration of the FIR filter is
shown in Fig. 3-3, which is known as Zero Forcing (ZF). A robust adaptive decision

feedback method can be used to enhance the performance as mentioned in Section
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3.1.2. The Least Mean-Square (LMS) equalizer coefficients updating method is

chosen to minimize the mean-square error, instead of ZF [20].

input

output

Fig. 3-3 FIR filter structure

However, the computational complexity of the convolution in both ZF and LMS is
proportional to the length of the filter taps, which is determined by the length of the
CIR. From the channel model in Fig. 2-8 and Fig. 2-9, the filter coefficients must

satisfy the mathematical property in Egn. (3.19).

h*w=[L 0 0 - 0] (3.19)

Although the parallel architecture can increase the throughput of TDE, the

complexity grows linearly with the number of coefficients.
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3.2.1 Multi-path Interference Cancellation

Multi-path Interference Cancellation (MPIC) [21] method is an efficient way for
suppressing Inter-path Interference (IP1). MPIC is composed of two parts. The first
part is multi-path interference replica, and the second part is multi-path interference
cancellation [22].

The following lower-case variables are all in time domain. In Fig. 3-4, during data
transmission, dominant data path could be interfered by other multi-path data and t is

the multi-path delay.

Main Path Data
T Multi-Path Data

i

Fig. 3-4 Multi-path interference
Because of beamforming technique, the channel will always be LOS, and LOS
channel model provided by IEEE.802.15.3c standard has only two higher channel
path gains. The rest channel path gains almost equal to zeros. Therefore, the received

signal is expressed like

_h1,1 0 0 h1,1+r 0 0 |
0 . 0 0 0
0 0 . 0 0 hy..
y=h-x=[ 0 0 0 . 0 -« 0 [|x (3.20)
0 00 0 . 0
0 000 0 " 0
0 00 0 0 0 hy,

, where h means channel impulse response matrix, X is the transmitted data vector,

and y is the received signal vector. Define main data path gain vector
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h[t]=[hy, hyy o hy ] t=12,.., N

(3.21)
h[t]=0 ,1<0
and second data path gain vector
m[t]=[h, .., h,y. oy n 1 t=12,,N (3.22)

m[t]=0 ,1<0
where N is the number of total sub-channels.
A modified MPIC [21] has two stages. In initial stage, we can obtain the channel
impulse response after channel estimation. Assume multi-path gain is small, so we

don’t consider the multi-path gain m[t]. Then, we have

k[t]:%,tﬂ, 2,.,N (3.23)

, Where X[t] is initial data vector without considering multi-path effect. Because the
second path delay is t, it means the dominant received signal will be affected by the
second received signal after time 7. In update stage, the received signal cancels the
second path interference and the result is divided by the main path gain to get the

updated transmitted data X][t].

X[t] = y[t]-mt—z]x X[t — 7] =12 N

3.24
The equation from (3.22) can be simplified as
X[t] = xt] - =rbext=zl g5 N (3.25)

h[t]
If we only consider about high channel path gain which interferes the received
signal larger, it can reduce the hardware complexity of traditional time domain
equalization. The filter taps won’t increase with the length of channel impulse

response.
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3.2.2 Golay-Sequence Aided Channel Estimation [15]

A set of complementary series is defined as a pair of equally long, finite sequences
of two kinds of elements which have the property that the number of pairs of like
elements with any one given separation in one series is equal to the number of pairs of
unlike elements with the same given separation in the other series. For example, the
two series a = 00010010 and b = 00011101 are complementary [23].

*  Golay Sequence Property
Golay sequences with N of length are generated by delay and weight vectors with

M of each length and a recursive algorithm [24], [25]. Binary Golay sequences are

generated when the delay vector \D=[D;...D,;,] .is chosen as any permutation of

[2°..2%7] and the weight vector W =[W,.W, ,] has +1 of elements. The

recursive algorithm for generating Golay sequences is described as follows:

&y 0y (1) = 5(0), (3.26)

by oy (1) =81, (3.27)

8y m (1) =W 48y gy (D) +by sy (i = Dy ) » (3.28)
by () =Wo 18y -1 (1) =By 2y (i = Dy 1) (3.29)
Ay o) (1) = ay o) (i) » (3.30)

By oy (1) = by ) (1) - (3.31)

Golay sequences are complementary sequences, which have an attractive property
that the sum of their autocorrelations has single maximum peak and no side-lobe.

A pair of Golay sequences for i=0,...,N -1, with N =2":

ay (1) and by(i). (3.32)
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Autocorrelation property:

R.(i)+R. (i) = 2NS(i). (3.33)
where

R, (i) = za 0z (k-+1). (334)
and 7

R, (i) = Nk_zi:bN (k)5 (K +1) (3.35)

The symbol “*” denotes complex conjugate.
e Estimation Procedure

The received channel estimation sequence (CES) is expressed by

T =l

e (t)= Z h(t")see (t=t)+n(t), (3.36)
t'=0
where channel estimation sequence Seg (t) which is shown in Fig. 3-5 can be divided

into two parts of Golay sequences, “Part a”.and “Part b”.

Ncpce  Nce 0 Nce_Ngrc-1 Ncpce
—ra— -« pa—>
CP ANce Ance | e ANce CP
2NcpcetNrcNce T 2NcpcetNrcNce

< >
Part a Part b

Channel Estimation Sequence (CES)

Fig. 3-5 Golay Sequences of CES

Both parts have a common configuration, that is, Ngrce repetitions of base
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sequences with length Nce and cyclic prefix and postfix with length Ncpce. The base

sequences for “Parts a and b” are Golay sequences a,_ (i) and b,_ (i), respectively.

Then, the total length of CES is 2(2Ncpce + NrceNce).
First, the Golay correlator calculates correlation values between the received CES
and Golay sequences «(t) and A(t):
Ngg -1

at) = —— 3 re(t+d -Neg +Day_(d), (3.37)

CE d=0

B(t) = Nl NierE (t+d —Neg +D)b;,_(d). (3.38)

CE d=0

Then, CPs are removed from the correlation values:

a(t) =t +Nopoe ).t =0, NgeN o —1, (3.39)

~

L) = St +3Negpee + Nace Neg) £ =0,..., Npee N —1. (3.40)

After that, CIR h(t) is estimated by sum and average operations:

N RCE

D (Gt +pNeg) + Bt + pNee)) . (3.41)

RCE p=0

h(t) =

2N

The derived noiseless channel impulse response can be used in MPIC equalization.

3.3 Proposed Architecture for IEEE 802.15.3c

3.3.1 Proposed Adaptive LS-LMS FDE [11]

The proposed adaptive LS-LMS FDE operates based on equations in Section of

3.1.1, and 3.1.2, and the block diagram is shown in Fig. 3-6.
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=

512 points
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Input S Channel "z —
Tralnln T Estimation Frequency . - Decision
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F . Equalizer
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Fig. 3-6 Block diagram of the proposed adaptive LS-LMS FDE
The pseudo code of the system flow is explained as followed:

If (received signals == training sequences) the LS channel estimation evaluates
the channel coefficients, else the received signals will be equalized by FDE.

If (mode == SC) the equalized data will be transformed to time domain by IFFT
and sent to decision circuit; else will be sent to decision circuit straightly.

If (mode == SC) the errors between equalized-and sliced signal will be
transformed to frequency domain by FFT and sent to LMS adaptive algorithm,
else will be sent to LMS adaptive algorithm straightly.

While (received signals == valid data) LMS adaptive algorithm will update the

channel coefficients in FDE.

The proposed adaptive LS-LMS FDE needs additional two FFT (FFT and IFFT) for

SC/OFDM dual mode system. In SC mode, the equalized signal must be transformed

to time domain to do slicing, and the error between equalized data and decision data

will be transformed back to frequency domain for adaptive algorithm. Although the

hardware complexity is large, the adaptive LS-LMS FDE can track the change of

time-variant channel.
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LMS has to do training to achieve convergence before any data is ready to be
equalized. To accelerate the convergence speed, a fast LMS algorithm is applied by
simply increasing the step size [26]. However, compared with other algorithms, LMS
still suffers the slow convergence speed problem [27]. Therefore, the training time of
LMS is longer than others, and it requires longer training sequence to do training.
According to the standard, the training sequence is available in CES field of PHY
preamble. However, there are only two aysghass for training before payload, so the

training result of LMS is not good enough as compared with LS channel estimation.

The learning curves are shown in Fig. 3-7. The simulation is under the channel
model which RMS delay is 3.2ns and SNR.is 18 dB. LMS algorithm takes about
extral?2 data subblocks to achieve the same performance of LS-LMS combined
algorithm. The result supports that the convergence speed of the combined algorithm

is indeed faster than single LMS algorithm.

—A— LS+LMS []
—LMS

MSE

subblock

Fig. 3-7 Learning curves
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3.3.2 Proposed LOS Golay-MPIC TDE

The proposed LOS Golay-MPIC TDE operates based on equations in Section of

3.2.1 and 3.2.2, and the block diagram is shown in Fig. 3-8.

Golay Sequence Aided MPIC

Channel Estimation Time Domain

»|F Equalizer
512 points
FFT

Fig. 3-8 Block diagram of-the proposed LOS Golay-MPIC TDE

)
Output 3 Decision |
) Demapper Circuit [
~———

MPIC : Multi-path Interference Cancellation

/SC_HSI\

The pseudo code of the. system flow is shown below:

1. If (received signals == training sequences) the Golay sequences aided channel
estimation evaluates the channel impulse response, else the received signals will
be equalized by MPIC TDE.

2. If (mode == HSI) the equalized data will be transformed to frequency domain by
FFT, else will go through next block straightly.

3. While (received signals == valid data) the equalized data will be sent to decision

circuit and demapper.

The proposed LOS Golay-MPIC TDE has low hardware complexity, which doesn’t
need additional IFFT/FFT for SC/OFDM dual mode system. In each PCES period, the
LOS Golay-MPIC TDE will update the channel impulse response again by Golay

sequence aided channel estimation.
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The LOS channel model provided by IEEE 802.15.3c standard has only two higher
channel path gains. Also, the second path gain of LOS channel model is at most 0.3
and the other paths are less than the main path [9] [10]. Therefore the MPIC TDE can
be efficiently implemented. For evaluating the influence of the multi-path gain and
delay, different test patterns with AWGN and test channels are created. The test
channels have one main path and one delayed path, and the second path gain and
delay differs from 0.1 to 0.5 and differs from 8 to 56 samples which is normalized to
main path, respectively. The modulations of SC and HSI mode are pi/2 QPSK and
QPSK respectively. In Fig. 3-9 and Fig. 3-10, it shows BER is very sensitive to

second path gain, but rarely affected by second path delay.

"v"v e R — N I
| ===Required Uncoded BER |

i | ==2nd Path Delay=8 1
107 | =©-2nd Path Delay=24 ||
; 1 2nd Path Delay=40 A

| =B=2nd Path Delay=56 1

BER(Log10)
P

i i i i i i
0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Second Path Gain

Fig. 3-9 BER of TDE SC mode for 2 channel paths
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| ===Required Uncoded BER |
“|= 2nd Path Delay=8 1

|=©-2nd Path Delay=24 ||
' 2nd Path Delay=40 £

R SETRTE IR | == 2nd Path Delay=56

BER(Log10)
P

i i i i i i i
0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Second Path Gain

Fig. 3-10 BER of TDE HSI mode for 2 channel paths

If the number of LOS channel paths has more than two paths, the proposed
Golay-MPIC TDE can still work: But the-BER will be worse as long as the third path
gain becomes larger. Take SC mode with three channel paths as example, Fig. 3-9
shows the BER is 4.89*10™ and 6.64*10 when the second path gain is 0.35 and
delay is 8 and 40, respectively. If the third channel path is involving for these two
cases, the BERs are shown in Fig. 3-11 and Fig. 3-12. In Fig. 3-11 and Fig. 3-12,
when the third path gain becomes small, the BER is near 4.89%*10™ and 6.64*10™,

respectively. The performance of different delay of the third path is almost the same.
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| ===Required Uncoded BER |1
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=©- 3rd Path Delay=24
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) ) 0.15 0.2 0.25 0.3 0.35
Third Path Gain

Fig. 3-11 TDE SC mode BER for 3 channel paths & 2" Path gain=0.35 and delay=8
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Fig. 3-12 TDE SC mode BER for 3 channel paths & 2™ Path gain=0.35 and delay=40
39




Chapter 3 SC/OFDM Dual-Mode Frequency and Time Domain Equalizer

The proposed LOS Golay-MPIC TDE can achieve the BER requirement of IEEE
802.15.3c standard. If the number of LOS channel paths is more, the computation is
more complex. Also, the number of register becomes more with the longer delay path.
Therefore, we consider the general case of two higher gain channels. It can reduce
hardware complexity and achieve the required BER. Section 4.2.1 will describe an

efficient architecture design of Golay-sequence aided channel estimation.
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Chapter 4
Architecture Design and Performance

Analysis

This chapter describes architecture design of the proposed adaptive LS-LMS FDE
and LOS MPIC TDE in Section 4.1. The detail sub-blocks design is shown in Section
4.2. Section 4.3 is the synthesis result and performance of the proposed adaptive
LS-LMS FDE and LOS MPIC TDE: The comparison of the proposed adaptive

LS-LMS FDE and LOS MPIC TDE is presented in Section 4.4

4.1 Design Specifications and Architecture

IEEE 802.15.3c and IEEE 802.11ad standards focus on over Gbps data rate
wireless communication. To achieve the target, there are two key features in the
standard. The first one is the usage of the 60 GHz RF band. The unlicensed RF
bandwidth is wide enough to support the usage of large bandwidth. The transmission
rate is proportional to the bandwidth, so using the unlicensed 60 GHz RF band is
essential. The second one is the ultra-high sampling rate. Although there are many
methods to achieve the target of high data rate, like using higher modulation or
multi-input and multi-output (MIMO) system [28], raising the sampling rate is the
most direct way since the data rate is proportional to the sampling rate. With the
moderate modulation scheme, the data rate could be twice or three times of the

sampling rate. In this way, we can easily achieve the target of over Gbps data rate.
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In modern CMOS process, the issue of power consumption becomes more and
more important. There are many methods to reduce the power consumption when we
design the hardware, such as using low computational complexity algorithm,
substituting high complexity arithmetic unit with lower one, or sharing the hardware
resources. By using these methods, we can reduce the chip area and the switching
power consumption. Meanwhile, the leakage power is also reduced when the chip

area is reduced.

As identical in Section 2.2.1, the sampling rate is 1760 MHz in SC mode and 2640
MHz in HSI mode. In the hardware design, this fact means the throughput of the chip
is also 2640 MHz for dual mode system. There are two ways to fulfill the requirement:

pipeline or parallel structure.

The pipeline structure .is essential for such high computational and high speed
digital circuit. Although inserting mare flip-flops can reduce the operating time in one
stage and increase the clock rate,.the cost is large chip area due to large number of
flip-flops. Moreover, there is insertion delay (tsewp + tc-g) Of the flip-flops, where tsetyp
and tc_q are the setup and clock to Q delay time of flip-flops. Thus when clock rate is
very high and computation path is long, the fully pipelined structure is not a good
design. Using the parallel structure can reduce the clock rate and maintain the
throughput at the same time. The drawback is the area is proportional to the number
of the copies. Although the slower clock rate leads to lower power consumption, too
many copies will generate more leakage power than expected, which violates our

purpose of low power design.
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Based on the considerations above, we adopt the combined structure. The system
parameters are listed in Table 4-1. For dual mode system, we set the clock rate at 330
MHz with 8 parallels, based on two considerations: the clock rate and the power

consumption.

Table 4-1 System parameters

SC

Sampling rate (MHz) 1760

Clock rate (MHz) 220

Modulation /2 QPSK

FFT point/sub-block
512 symbols
length

CP length 64 symbols

LOS residual-model [9]
Channel model
RMS delay spread: 3.2 ns

Max. data rate
3.52 Gbps 5.28 Gbps
(uncoded)

Level of parallel
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4.1.1 Proposed

Adaptive LS-LMS FDE and Baseband

Receiver [11]
8x data from 8x data from 8x de-rotated data 8x data from FFT
ADC [9:0] SCO [9:0] [9:0] [13:0]
SCO N " | De-rotator N
Interpolator . 8x CORDIC FFT . FDE
: r |50 —
' ' G bo1-8x (! ' 8x data
oot Y Y \-“ ﬁhés):'a \-“ : from CE\ -+ - * Y
: : [PD&BD& CFO | [12:0]
ACC CFO NCO  [=---1 Tracking | ¢ v Y
detection i
Jele) ppm? ' T meeee t e Hard
*22]375 >>02 i _________________ ! Estimated Boundary Demapper
*33/375 >>22 [*1 CFO phase 8 data
; CORDIC out[5:01] ~ " °
boeeeeen
Value of " FCFO
correlation [ Estimation

Fig. 4-1 Proposed block diagram of baseband receiver design

The baseband receiver mainly consists of three blocks which is shown in Fig. 4-1.
The first block is the synchronization block, which consists of SCO compensator,
symbol boundary detection (BD), and CFO synchronization. SCO performs the time
interpolation method and the frequency rotation method for the dual modes. Symbol
boundary detection (BD) allocates the incoming packet and finds the symbol
boundary located in the ISI free region. CFO synchronization which uses correlation
based method to estimate FCFO and can be realized by the same hardware with
symbol synchronization. The second block is the FFT and frequency domain equalizer
(FDE). FFT transforms signals from time domain into frequency domain, and FDE
eliminates the channel effect. The final block is the LDPC decoder that corrects the
error bits using normalized min-sum algorithm with row-based layered scheduling

and can support four code rates of 802.15.3c applications.
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The proposed LS channel estimation combined LMS FDE has been described in
Section 3.2.1. The block diagram shown in Fig. 3-6 is redrawn in Fig. 4-2 due to the
hardware design considerations. In the following sections, we will discuss our
hardware design. FFT and IFFT are not the design target in this thesis and is

implemented by [29].

T
One-tap %
equalizer =R
: IFFT| [
input R 2\ '’ I
x ——
N S P W
T é[1.Dual-Port]:[Z.Dual-Port‘
1.Dual-Port| | Sgﬁ:&fﬁ;t I RAM*4 RAM*4 | J
RAM*4 | ; Mﬁx—f PW(CP)
é g HSTSC : 5 recover
2 : § ASTSC
| o] Conj. Conj. S
L O PR et
E ¥ 3
: [Division N =
LS channel | Gireuit [ X N
estimation i L i i
Training Sequence L MS adaptive algorithm Clockwise
(|« n/2 phase [«
M-PSK D ;
output - | shifter
demapper| |2

Fig. 4-2 Block diagram of the proposed adaptive LS-LMS FDE

The proposed LS-LMS FDE can be used on SC and HSI mode in IEEE 802.15.3c
specification. Fig. 4-2 shows SC and HSI mode system architecture. The signals flows
of SC and HSI mode are different at FFT feedback loop, The SC mode needs to
transform to time domain to obtain the original data. After doing slicing, the errors
will be transformed to frequency domain to do LMS algorithm. SC mode has
additional feedback delay, so it needs single-port memories to save the received data
for feedback FFT output. The complex multiplier (| - [°) in LS can be shared in one-tap
equalizer, and the complex conjugate multiplier (Conj.) in LS can also be shared in

LMS. Besides, in Fig. 4-2, the four dual-port memories marked with “No.1” in LS
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channel estimation will be reused in one-tap equalizer to save coefficient W. The
proposed equalizer equalizes the received data and updates the coefficient at the same
time, and the sample rate is too high to use single-port memories with interleaved
access. Hence, the work uses dual-port memories to implement the architecture. The
pilot word recovery block is for SC mode to insert known Golay sequences behind
sliced data to form one data subblock. The single-port memories in LMS adaptive
algorithm are shared with BD block in the baseband receiver, and the gray parts are
69% shared by SC and HSI mode except FFT/IFFT. Fig. 4-3 shows the hardware
reduction of the proposed LS-LMS FDE, and the hardware of SC and HSI mode are

listed in Table 4-2.

SC + HSI mode
0
excluding FFT 100%

Shared Parts 0
Between SC and HSI 31%

Shared Memories 9%

with BD Block 22%

69%

Y

A
) A
A

Fig. 4-3 Hardware reduction of the proposed LS-LMS FDE

Table 4-2 FDE Hardware comparison between SC and HSI mode

64x64 Single-Port Memory

64x64 Dual-Port Memory

FFT

PW Recovery

Clockwise pi/2 shifter
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4.1.2 Proposed LOS Golay-MPIC TDE and Baseband

Recelver
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Interpolator De-rotator TEQ| - FFT |- Recovery o[ Slicer
4 S > A > e
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T v pnase b ! i

H H PD ' '
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*33/375 >>22 [~ iCFOphase """ ¢ (RCFO & PN)

H » = SC data path
Value of FCFO = HS| data path
correlation | Estimation

Fig. 4-4 Proposed block diagram of baseband receiver design

The three parts of the block diagram in Fig. 4-4 are different from the baseband

receiver mentioned in Section 4.1.1:

*  Frequency domain equalizer (FDE) is replaced by time domain equalizer (TDE).

e The system simulation considers about phase noise effect, so phase noise

cancellation (PNC) is added to baseband receiver.

e The additional two FFTs are cancelled.
Fig. 4-4 shows the equalization moves to time domain, and it only needs one FFT
for OFDM mode. Phase noise cancellation is added after TDE and FFT. The inputs of

PNC are connected to TDE outputs in SC mode and to FFT outputs in HSI mode.

The proposed Golay sequences aided channel estimation combined MPIC TDE
has been described in Section 3.2.2. The block diagram shown in Fig. 3-8 is redrawn
in Fig. 4-5 due to the hardware design considerations. In the following sections, we
will discuss our hardware design. The only FFT is not the design target in this thesis,

because the FFT is for OFDM mode which is not additional overhead for the system.
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input r ' . _»C\ 2" Path
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Fig. 4-5 Block diagram of the proposed Golay-MPIC TDE

The proposed Golay-MPIC TDE ‘can be used on SC and HSI mode in IEEE
802.15.3c specification. Fig. 4-5 shows SC and HSI mode system architecture. In
Golay-MPIC TDE, the signal flows of SC and HSI mode are almost the same. There
is one block which is “clock wise pi/2 shifter” used by SC mode only, since the
modulation in SC mode is pi/2 M-PSK. In channel estimation, we use Optimised
Golay Correlator (OGC) [30] to implement the architecture which is mentioned in
Section 3.2.2 and we will discuss the OGC in Section 4.2.1. Because the length of
Golay sequence we used is 256, it has 8 stages (number of stage=L0g,256) to finish
the computation. The proposed architecture has no feedback loop like LS-LMS FDE,
so we don’t need too many memories to store the received data. The only memory
which is 144 bits by 16 rows is for channel estimation to store a256. The size of

second path delay register in MPIC block depends on the maximum of cyclic prefix
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length. The gray parts are 99% shared by SC and HSI mode except pi/2 phase shifter
circuit, and the single-port memories in OGC channel estimation are shared with BD
and PNC blocks in the baseband receiver. Fig. 4-6 shows the hardware reduction of

the proposed Golay-MPIC TDE, and the hardware of SC and HSI mode are listed in

Table 4-3.

SC + HSI mode 100%
Shared Parts Between '
SC and HSI 6% E
excluding Memories ' '
: :
Shared Memories with BD 504" 949 '
and PNC Block : >

1%

Fig. 4-6 Hardware reduction of the proposed Golay-MPIC TDE

Table 4-3 TDE Hardware comparison between SC and HSI mode

144x16 Single-Port Memory

Clockwise pi/2 shifter
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4.2 Sub-block Architecture Design

4.2.1 Optimised Golay Correlator (OGC)

Section 3.2.2 mentioned about the channel estimation method by the correlation of
Golay sequences, and the computation of correlation is very large. Thus, it is not
practical if we design the operation directly. The proposed Golay-MPIC TDE
architecture in Section 4.1.2 uses an efficient arithmetic to reduce the complexity. The
Optimised Golay Correlator (OGC) [30][29] is an efficient calculation to do the
correlation of Golay sequences. The OGC is obtained by reordering some elements of
the Efficient Golay Correlator (EGC) [25] which is shown in Fig. 4-7 and Fig. 4-8.

EGC is based on the way in which the sequences are generated.

!

a

i,

Fig. 4-7 Efficient Golay Correlator (EGC)

dy, [K] ) »C_, Unused correlation
EGC c
) aa
Y[k] = Caa + Cbb
N
I [ Co
—»Cba Unused correlation

J
Fig. 4-8 EGC procedure
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In Fig. 4-9, we can see the adders and subtracters are inter-changed with the
delay and seed blocks. Secondly, the order of the EGC stages is reversed, placing the
large delay stage at the input and the small delay stage at the output. Both changes
allow the correlation of two inputs to be obtained simultaneously. The recursive

algorithm of the OGC is:
ay[k]=alk], (4.1)

by [k] =bk], (4.2)

where a[k] and b[k] are the received signals, a[k] and bTk] are partial results.

ar: [k] = awg—l[k - DN —n+1] + br:—l[k - DN —n+l] ) (4-3)
br: [k] :WN —na;l—l[k] _WN—nbr:—l[k] ' (44)
Y[K]=a, [k]+bj [k] = 2LoTk —L], (4.5)

where Y [K] is the sum of the cross-correlations between input signals and the

Golay sequences.

Y[k]

Fig. 4-9 Optimsed Golay Correlator (OGC)
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To compare the efficiency of the correlations of a signal detection system based on
Golay sequences, three different architectures are considered: the straightforward

correlator, the EGC and the OGC. The straightforward correlator, just as the EGC,

utilizes two architectures to simultaneously perform the correlations against a,[k]

and b, [K]. A final adder is considered to obtain the sum of correlations in there three

cases. The results are listed in Table 4-4.

Table 4-4 Number of calculation for each corrlator

Straightforward

EGC

OGC

Multiplications

2L

2Loga(L)

Loga(L)

Add/Sub.

2(L-1)

4Log,(L)-1

2Logy(L)-1

Delays

2(L-1)

2(L-1)

L-1

4.2.2 Divider Free LS Method [11]

In Section 3.1.1, Egn. (3.10) indicates LS method needs a complex division. There
are two ways to avoid the division. One is using the phase operation as shown in Eqn.
(4.6), and the other one is to multiply the conjugate of the divisor both on the

denominator and the numerator as shown in Eqgn. (4.7).

(4.6)
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W, = Usipy =U5_12,k
FeXRa R

:U?Lk (4.7)
Rk Rk

—*

)

C
a1
IS
)

The phase operation replaces the complex division into one square root function,
two square functions, one scalar division, and one subtraction. However, the
transformation between the phasor and complex number requires trigonometric
function, as shown in Eqn. (4.8). Although there are some realistic designs, the

hardware cost is still too high.

U512 5 U512,r + |U512,i

Ul =Ugpp, 2 +Uqp, 2 (4.8)

0, = tan‘1M

512,r
Eqgn. (4.7) transforms one complex division to one complex multiplication, one
square function and one scalar division. This method is generally used when we
calculate the complex division. However, there is one scalar division, which is much

more complex than a multiplier [31].

Since the division is an inversed multiplication, then multiplying an inverse of the
scalar is a commonly used method. To find out the inverse, we can try to use a table
with all possible inverse of the scalar, and we can easily implement it with a ROM as
illustrated in Fig. 4-10. The bit width is determined by the accuracy of the inverse,
and the word width is determined by the word length of the scalar. According to the

simulation result of fixed-point C language, the bit width should be 13 bits and the
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word width is 14 bits to maintain the performance. Therefore, the size of the ROM is

2'%*13, which is 213k bits. The cost is reduced, but the ROM still takes large area.

To reduce the size of the ROM, we can try to reduce the bit and word width. Since
the accuracy is already determined by bit width, we need to focus on the reduction of
the word width. By observing the inverse, we can find out that the inverse is almost
the same in nearby words. An example is shown in Eqn. (4.9), the difference between
1/128 and 1/129 is so small to be represented in 13 bits. Therefore, nearby scalars can

all map to the same inverse stored in the table, as illustrated in Fig. 4-11.

1 Inverse of 1

0.5 Inverse of 2
0.3333333333... Inverse of 3
0.25 Inverse of 4

0.2 Inverse of 5

0.1666666667 Inverse of 6

Fig. 4-10 Table of inversed scalar

This effect is more obvious when the scalar is large, as shown in Eqn. (4.10), where
N is the reference scalar and 4n is the difference. Taking the property of the scalar into
consideration, we can see that the scalar is always positive since it’s the result of the
square function. Hence, we can reconsider the scalar structure in Fig. 4-12. We can
just look up the table according to the significant bits regardless of sign bits and 4n.
From the simulation results, the optimal length of the significant bits is 4. The reduced

table is shown in Fig. 4-13 and the size is 2**11*13, which is only 2288 bits.
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1/, =0.0078125
3 4=0.0077519 (4.9)

%28'%29 =0.0000606,, = 0.0000000000000001,

NN E TN Ey N (4.10)
N N+an N(N-Am Y
An
[ ]
[ ]
[ ]
[ ]
[ ]
1/128 .
1/129
1/130 => Decoder => 0.0078125
1/131 Map to 1/128 access .
[
[ ]
[ ]
[ ]
[ ]
Fig. 4-11 Reduced mapping
N bits
—mSignbitse— e .
%:O) 1 Significant bits 1 An bits —>

Fig. 4-12 Structure of the scalar
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Inverse of 1
Inverse of 2

Inverse of 3

Inverse of 15
Inverse of 16,17
Inverse of 18,19

Inverse of 30,31
Inverse of
32,33,34,35
Inverse of
36,37,38,39
[ ]

Fig. 4-13 Reduced table

Since 4n bits are ignored, they looks like zeros. We can represent them as another

form as illustrated in Eqn. (4.11), where SB means the significant bits.

scalar = SB*2*" (4.11)

The meaning of these 4n bits are doing the left shift on SB, so the inverse of the
scalar can be represented as Eqn. (4.12).

1 B 27An

inverse = = ==
scalar SB*2 SB

(4.12)

The 2" is doing the right shift on the inverse of SB. Since SB has only 4 bits, the
table has to store only 16 inversed scalars, which cost 208 bits storage area. Through
this procedure, we substitute a division with one small ROM and one multiplier. The

block diagram is shown in Fig. 4-14. Compared with a real divider in DesignWare, the
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modified version has smaller area and can satisfy the requirement of high clock rate

operation. Furthermore, the size of the ROM is 99.99% off by the method mentioned

above.
Usi2iRic.
SB Right LS
Table Shifter result
RkRk* —> T
AN

Fig. 4-14 Block diagram of modified divider

4.2.3 FFT/IFFT Design Specifications

The IEEE 802.15.3c standard focuses on the ultra-high data rate wireless
communication. However, to realize the high-throughput digital circuit is a challenge
in hardware implementation, especially the high computational complexity
components. Obviously, FFT/IFFT takes highest computational complexity and is

most critical in our design.

In the recent years, there are many researches on the high throughput FFT. The
pipeline-based structure and large radix butterfly are commonly used to achieve the
requirement. The high throughput FFT must be realized with large radix butterfly and
parallel input/output. This is more obvious in large point FFT. The FFT in [32] is
512-point with maximum throughput of 2592 MHz. It is designated for IEEE
802.15.3c HSI mode, which uses OFDM system. There are three modes in that FFT:

4-way, 8-way, and 16-way, and each mode correspond to different throughput. The
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butterfly is radix-8 and the input/output is up to 16 times parallel. The throughput and

challenge are indeed highly related to the large radix and parallel input/output design.

In our equalization design, the specifications of FFT/IFFT are listed in Table 4-5.
The point of FFT/IFFT is 512, which equals to the length of the sub-block. Since the
sampling rate is 2640 MHz, the throughput is also 2640 MHz. In order to use the
same clock rate with the proposed FDE, the clock rate of FFT/IFFT is set to 330 MHz
and the input/output is 8 times parallel. From the fixed point simulation result of

Matlab, the input/output word length of FFT and IFFT are 14/14 bits respectively.

Table 4-5 Specifications of FFT/IFFT in the proposed FDE

‘ Parameter Value \

Point 512 samples

Throughput 2640

Clock rate 330 MHz

Parallel input/output 8 times

FFT/IFFT word length (input/output) 14 / 14 bits

4.3 Synthesis and Simulation Results

The following architectures will use 65 CMOS process to synthesis. In the system
simulation, the signals are interfered by channel model and AWGN and are assumed
to be perfectly synchronized. To evaluate the performance, the channel model we use
is based on the IEEE 802.15.3c standard group with Jakes’ model, mentioned in
Section 2.2. The whole transmitted sequence is composed of preamble, PW, data, and
PCES. The preamble is used for training and PW works as cyclic prefix. The testing

environment is built by MATLAB simulation.
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4.3.1 Proposed Adaptive LS-LMS FDE

The LS-LMS FDE is designed by using 65 nm CMQOS low power process, and the
maxmum operating rate can acheive 400 MHz(required clock rate is 330 MHz). Total
area percentage of each part in FDE is shown in Fig. 4-15. The LS channel estimation
part is 2% including 4 dual-port memories, and the LMS adaptive part is 5%
including 12 single-port memories. The rest parts are about 15%. It shows IFFT/FFT
are 77% which occupy the most parts of the FDE. In Table 4-6, FDE without 2 FFT
area is 415K gate-count and the power is about 81mW. FDE with 2 FFT area is about

1723K gate-count and the power is about 211 mW.

Sharing Part of LS LMS

LS and LMS 2% 5%
1% | /

Others
15%

FFT/IFFT
7T%

Fig. 4-15 Area Percentage of each part in LS-LMS FDE
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Table 4-6 LS-LMS FDE for SC and HSI mode synthesis result

‘ FDE without 2 FFT FDE With 2 FFT \

Processing

65nm CMOS LP Process

Clock rate (MHz)

400

Area (Gate count) 415K (24%)

1723K(100%)

Power (mW)

81@1v

211@1v

The required uncoded BER of IEEE 802.15.3c is about 10, Fig. 4-16 shows the

performance of SC mode with pi/2 QPSK modulation, and the BER is about 6.01*10™

at SNR of 12dB. Also, it shows the performance of HSI mode with QPSK modulation,

and the BER is about 9.68*10°° at SNR of 12dB. The performance of SC mode is

better than that of OFDM mode, that-is because FDE in OFDM systems usually has

poor performance without channel coding [33].

BER(Log10)
=

;| ===Required Uncoded BER i
| = SC pi/2 QPSK Floating-Point ||
| =©-SC pir2 QPSK RTL
HSI pif2 QPSK Floating-Point f
=B HSI pi/2 QPSK RTL 1

7 8 9 10 11 12 13 14 15 16 17 18
SNR(dB)

. 4-16 BER of FDE in SC and HSI mode
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4.3.2 Proposed LOS Golay-MPIC TDE

Like LS-LMS FDE architecture, the Golay-MPIC TDE can achieve 400MHz
operating rate (required clock rate is 330 MHz) by using 65 nm CMOS low power
process. The area of Golay-MPIC TDE is 405K gate-count and the power
consumption is 88mW as shown in Table 4-7. Furthermore, Fig. 4-17 illustrates the
total area percentage of each part in TDE. The OGC channel estimation part is 31%,
the MPIC equalization part is 56%, and the others are about 13%.

Table 4-7 Golay-MPIC TDE for SC and HSI mode synthesis result

TDE

Processing 65nm CMOS LP Process

Clock rate (MHz) 400

Area (Gate count) 405K

Power (m\W) 88@1v

Fig. 4-17 Area Percentage of each part in Golay-MPIC TDE
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The required uncoded BER of IEEE 802.15.3c is about 102 Fig. 4-18 shows the
performance of SC mode with pi/2 QPSK modulation, and the BER is about 4.45%10°
at SNR of 12dB. Also, it shows the performance of HSI mode with QPSK modulation,
and the BER is about 5.21*10°° at SNR of 12dB. The performance of HSI mode is
better than SC mode unlike LS-LMS FDE, because the FFT of HSI mode has the
effect of averaging noise.

10°

:| ===Required Uncoded BER 1
| =—=35C pif2 QPS3K Floating-Point ]
-©~ 5C pil2 QPSK RTL |

HSI pif2 QPSK Floating-Point j

BER(Log10)
P

10 i i i i i i i i i
3 4 5 6 7 8 9 10 11 12 13
SNR(dB)

Fig. 4-18 BER of TDE in SC and HSI mode
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4.4 Comparison of Adaptive LS-LMS FDE and MPIC

Golay-MPIC TDE

From Section 4.1 and Section 4.3, the contents describe the architecture design and
simulation result of equalizations for IEEE 802.15.3c standard. This section will
compare the advantage of LS-LMS FDE and Golay-MPIC TDE. Furthermore, we will

explain different equalizers shall be used for different environment.

Table 4-8 Synthesis result of LS-LMS FDE and Golay-MPIC TDE

| LS-LMS FDE Golay-MPIC TDE |

Without * | "Including

FFT
2FFT 2 FFT

Processing 65nm CMOS Process

Clock rate (MHz) 400

Area (Gate count) 415K 1723K 405K

Power(mw) 81@1.08v | 211@1.08v 88@1.08v

In Table 4-8, the area and power consumption of LS-LMS FDE is much larger than
that of Golay-MPIC TDE. The most important factor is FFT, because FDE has
feedback loop which needs FFT to transform data to time or frequency domain. On
the other hand, the data stream of TDE is straightforward, and the only one FFT is for
OFDM mode which is not an overhead for the system. The computation complexity
of LS-LMS FDE and Golay-MPIC TDE are listed in Table 4-9. Golay-MPIC TDE
uses more complex multipliers in MPIC stage and complex adders in OGC stage, but
LS-LMS FDE uses more memory resources for FFT feedback loop to store received

signals.
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Table 4-9 Computation complexity of LS-LMS FDE and Golay-MPIC TDE

LS-LMS FDE Golay-MPIC TDE

Complex
1 (20 bits x 14 bits) 3 (21 bits x 15 bits)

multiplication

Complex conjugate

1 (18 bits x 15 bits) 2 (18 bits x 14 bits)

multiplication

Modified divider

L 1 (13 bits x 11 bits) 1 (13 bits x 11 bits)
(scalar multiplier)

Complex

3 (16 bits + 15 bits) 18 (16 bits + 15 bits)
Adders

Single-port memory | 15 (g4 bits x 64 bits) | 2 (144 bits x 16 bits)

Dual-port memory |« g g4 hits x 64 bits) 0

These two equalizers have their own advantages, and Table 4-10 is the comparison
of LS-LMS FDE and Golay-MPIC TDE. For hardware complexity consideration, we
propose a new architecture which is.Golay-MPIC TDE for better channel. Since the
architecture of TDE is simpler, pipeline can be much deeper. If the channel condition
allowed, the low-cost TDE is a better choice. However, LS-LMS FDE is superior to
Golay-MPIC TDE when channel is not LOS or the change of channel is fierce. It’s a

tradeoff to choose LS-LMS FDE or Golay-MPIC TDE.

Table 4-10 Comparison of LS-LMS FDE and Golay-MPIC TDE

LS-LMS FDE Golay-MPIC TDE

Area and Power

High sampling rate

Variant Channel
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Chapter 5
Baseband Design and Chip

Implementation

This chapter discusses the baseband receiver chip implementation of the proposed

adaptive LS-LMS FDE and LOS MPIC TDE in Section 5.1 and 5.2, respectively.

5.1 Adaptive LS-LMS FDE in Baseband Receiver [34]

5.1.1 Chip Integration and Implementation Result

The overall block diagram excluding channel decoder of 8x parallel baseband
receiver for IEEE 802.15.3¢c_ SC/HSI mode is redrawn in Fig. 5-1 where the dashed
line represents control signals. All the function units work in digital domain. The

simulation models of overall baseband are built with MATLAB and Verilog HDL.

8x data from 8x data from 8x de-rotated data 8x data from FFT

ADC [9:0] $SCO [9:0] [9:0] [13:0]
SCO N | De-rotator Nl
Interpolator . 8x CORDIC FFT . FDE
: r (B . .
' ' S bo1-8x ' 8x data
\1.\ vt \1.\ A A \,‘\ ﬁhés):.a \,‘\ E fromCE\* * *\
: : [PD&BD& | ' cFO |_i [12:0]
ACC CFO NCO  =---1 Tracking [ ¢ v i
detection i
Jele) ppm? ' S t e Hard
2522 | L § Estmated Boundary Demapper
*33/375 >>22 [ CFO phase 8 data
: CORDIC out[5:01] ~ " °
boeeceees
Value of FCFO
correlation | Estimation

Fig. 5-1 Proposed block diagram of baseband receiver design
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The control of the data flow is in sequence block by block. In other words, the
executed block will output control signals to trigger the next block and is then turned
into sleeping mode to avoid redundant power consumption.

Considering the memory usage requirements, the baseband receiver design is
synthesized and implemented by standard cell design flow using TSMC 65 nm 1P9M
low power (LP) process with voltage supply 1 V at 667 MHz. The total area of
baseband receiver circuit excluding FFT is about 701k gate count. The FFT blocks
which including two FFT and one IFFT occupy 1,932k gate count. Fig. 5-2 illustrates
the area proportion of each block circuit excluding FFT. The boundary detection (BD)
block only active in preamble period, so it can share memory resource with FDE in

data payload period. The shared memories are 32.68% of the system excluding FFT.

Others PD&BD&CFO
0.50% Detection
/- 635%
Shared
memory
32.68 % FDE
38.47 %
SCO
interpolator
987% PO
estimation
12.13 %

Fig. 5-2 Area proportion of each block circuit excluding FFT

In auto-placing and routing (APR), there are totally 144 32-word by 32-bit dual
port memories (32x32 dual port memories) for the FFT usage which occupy most of

the chip area. For a better IR drop and EM management, the memory datasheet
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suggests that the width of block rings around memory block is at least 5pm.

< 273.12 >

\37_215 32x32 dual port memory
247.12

«—63.215—

$ 15

>
15

Fig. 5-3 Size of 32x32 dual port memory with power rings

The area of one 32-word by 32-bit dual port memory is 247.12um x 37.215um. As
shown in Fig. 5-3, the occupied area will increase to (273.12x63.215) + (247.12x
37.215) = 1.8 times of the original area after surrounding by block rings with default
spacing. Comparing the area with registers as listed in Table 5-1, the 1.8 times
memory area will be larger than the area of registers. For area efficiently, the 32-word
by 32-bit dual port memories will-be replaced with registers such that 28.48 %
memory area for FFT will be saved.

Table 5-1 Area and power comparison of 32x32 dual port memory and register

Area (um?) Power (mW)

Register 11838.60 3.23

32x32 dual port memory 9196.57
2.74 1 1.93 (R/W)

(with block ring) (17265.28)

Since the memory elements are replaced with register, we can use TSMC 65 nm
1P9M general purpose (GP) process with voltage supply 1 V for higher clock rate and
more timing margin for APR. The chip layout view without pads is shown in Fig. 5-4.
The core size is 2556pum x 3056pum with 65.91% utilization density. The post-layout
simulation shows that the proposed baseband receiver design can achieve 333 MHz.
Table 5-2 is the chip summary. Until now, no previous works have been reported for

the baseband designs.
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Fig. 5-4 1¥ Chip layout view of the proposed baseband receiver

Table 5-2 1% chip summary (using LS-LMS FDE)

Process

TSMC 65 nm 1P9M GP process

Sampling Frequency (MHz)

2640

Clock Frequency (MHz)

330

Total Gate Count

3,463 K (100 %)

Gate Count (excluding FFT)

1,249 K (36.07 %)

Gate count (FFT block)

2,214 K (63.93 %)

Core Area

7.81 mm? (2.56 mm x 3.05 mm)

Utilization

65.91 %

Mode

SC HSI

BER (uncoded) @ 12 dB

8.92x10™ 1.43x10

Date Rate (Gbps)

3.52 5.28

Power (mW)

Leakage Power (mW)
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5.1.2 Measurement Consideration

Due to the 8x parallelism, the chip has plenty of input and output bits. In order to
reduce the number of pads and verified the function correctness easily, the testing plan
is shown in Fig. 5-5. The input data can be given from outside of the chip or from
pattern stored inside the chip. The comparator will check the correctness of

computation results for the stored pattern.

8x dat t [5:0
in_data [1:0] zero K\aaou = g
- = : .
s padding [ |
" \" >
ROM x 9aal%:9 | Baseband ) N 7
(stored P> Y YV
attern) A | Comp_out |
P Comparator
ol f mux_sel T 1 [ T [
BIST_enable
reset

Fig. 5-5 Testing diagram for measurement

The measurement results-show: that the chip-is completely function as expected.
Due to the limitation of area provided by shuttle program from the foundry, the power
rings and power stripes of this chip are very restricted. Less power rings and power
stripes could cause IR drop and decrease the chip operating speed. Although the clock
frequency does not achieve our target frequency, the power consumption trend is
correct as shown at Table 5-3. If clock frequency is 333 MHz shown in Table 5-2, the
power consumption is about 741.75 mW estimated from the power consumption trend.
Fig. 5-6 is the die photo of LS-LMS FDE chip.

Table 5-3 Power measurement of 1% chip

Clock Frequency (MHz)

Power (mW)
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Fig. 5-6 Die photo of 1** Chip baseband receiver
Fig. 5-7 shows the functional test of this baseband receiver. If the results are all
correct, the O_CHECK_RESULT will be high (1) and O_ ERR_COUNT will be low
(0). At beginning, O_CHECK_RESULT is low (0), since the outputs of the system are
not ready which are still in"initial state (0). When computed outputs are arrived and
compared with the stored results, O.CHECK_RESULT starts to work and set to be

high ().

£ Timing_Diagram
Select Edit Info Doc Display Format
_CL}
OB_MODE_1
)0 ns [ ‘ | 1 _OB_MODE_0
1 | 1_RESET

Fig. 5-7 Functional test of 1% chip
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Fig. 5-8, Fig. 5-9, and Fig. 5-10 are the testing and setup platform. We use Agilent
93000 SOC test system with CQFP 160 pins socket to test the chip. The equipment is

provided by National Chip Implementation Center (CIC).

Fig. 5-9 CQFP 160 pins socket

71



Chapter 5 Baseband Design and Chip Implementation

Fig. 5-10 Wire connection of CQFP 160 pins socket
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5.2 LOS MPIC Golay-MPIC TDE in Baseband Receiver

5.2.1 Chip Integration and Implementation Result

The block diagram excluding channel decoder of 8x parallel baseband receiver for
IEEE 802.15.3c SC/HSI mode is redrawn in Fig. 5-11 where the dashed line
represents control signals. The simulation models of overall baseband are built with
MATLAB and Verilog HDL. The control of the data flow is in sequence block by
block. In other words, the executed block will output control signals to trigger the
next block and is then turned into sleeping mode to avoid redundant power

consumption.

: SCO ~ " | 8x Cordic \.‘ » e ohase
. | Interpolator fjjj - De-rotator TEQ| - FET 1 | Recovery [ Sticer
Y S > > S|
E : oA e ! 5
F R I R T :
: : PD : : \
ACC |cro| B || _N9O ety B AL ¢ '
SCO ppm? ' H é L4 LR 1 ;
: : Phase Estimation }---=---ee--i

221315>>22 | iesimated ... ' (RCFO & PN)

*33/375 >>22 ECF phase, .
: Cordic

H > = SC data path
Value of FCFO ———— HSI data path
correlation | Estimation

Fig. 5-11 Proposed block diagram of baseband receiver design

TSMC 65nm 1P9M general purpose process with voltage supply 1 V has update the
library, and the new library becomes faster but larger power consumption as compared
with the old library that the version I chip uses. We use the new library to implement
this chip for TSMC tape-out flow, and synthesize this chip at 667 MHz by two kinds
of library to compare the differences. Table 5-4 shows the new library has 1.42 times

power consumption to the old library, but the areas are almost the same.
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Table 5-4 Comparison of old and new TSMC 65nm GP process libraries

Old Library

New Library

Area (Gate-count)

2416K

2407K

Power (mW)

1169

1660

The total area of baseband receiver circuit is about 2479K gate count. Fig. 5-12

illustrates the area proportion of each block circuit. The shared memory is shared by

BD, TDE and PNC blocks. BD uses the memory in preamble period, and TDE uses it

in data payload. Finally, PNC utilizes it in PCES field.

CFO
6%

TDE
16%

SCO 30,

Others
1%

BD

Shared Memory

FFT
28%

Fig. 5-12 Area proportion of each block circuit

Since the memory elements are replaced with register which is explained in Section

5.1.1, we can use TSMC 65 nm 1P9M general purpose (GP) process with voltage

supply 1 V for higher clock rate and more timing margin for APR. The chip layout

view is shown in Fig. 5-13. The core size is 2820um x 2820um with 88.93%

utilization density. The post-layout simulation shows that the proposed baseband
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receiver design can achieve 336.7 MHz. Table 5-5 is the chip summary.

Fig. 5-13 2" Chip layout view of the proposed baseband receiver

Table 5-5 2™ Chip summary (using Golay-MPIC TDE)

Process TSMC 65 nm 1P9M GP process

Sampling Frequency (MHz) 2640

Clock Frequency (MHz) 330

Total Gate Count 2915 K

Core Area 7.95 mm? (2.82 mm x 2.82 mm)

Utilization 88.93 %

Mode SC HSI

BER (uncoded) @ 12 dB 7.36x10° 9.30x10°®

Date Rate (Gbps) 3.52 5.28

Power (mW)

Leakage Power (mW)
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5.2.2 Measurement Consideration

As a result of 8x parallelism, the chip has massive input and output bits. However,
we use different method from last version to verify this chip. For testing the function
correction, we use high SNR data pattern, so the bit width of input data can be
reduced to only 5 bits. In Fig. 5-14, the Pseudo Random Binary Sequence (PRBS)
block will generate noise which is attached to the end of input data. In that way, we

can save the area of stored pattern, and import data from outside.

8x sta out [1:0]
" >

in_data [4:0]
A ! o data
S| [8:0] N >
< ~ o <
<> Baseband Input: 5*2*8=80 pins
PRBS px —p-| LSB Output: 16 pins
[2:0] Control signal: less than 10 pins
Pins left: 102 (208)
in_clk T A T ) Pins left:218 (320)
reset

Fig. 5-14 Testing diagram for measurement
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Chapter 6

Conclusion and Future Work

6.1 Architecture Design Summary

This thesis proposes an adaptive LS-LMS FDE and LOS Goaly-MPIC TDE that
can satisfy the dual mode (SC and HSI) specifications of IEEE 802.15.3c. The
hardware of both methods can be shared by SC and HSI mode to reduce hardware
complexity. The BER and sampling rate can achieve the requirement of IEEE
802.15.3c.

The LS-LMS FDE combines LMS adaptive algorithm with LS channel estimation.
The LMS algorithm has~the advantage of low computational complexity and
sufficient convergence speed with the aid of LS channel estimation. The simulation
results show that the LS-LMS-FDE can achieve 6.01*10* BER in SC mode and
9.68*10° BER in HSI mode (both uncoded) at SNR 12 dB. The total area is about
415K gate-count with 69% shared among SC and HSI mode except 2 FFT. The power
consumption excluding FFT is only 81.27 mW when working at 400MHz.

On the other hand, the Golay-MPIC TDE uses MPIC equalization with Golay
sequence-aided channel estimation. The MPIC algorithm can reduce the hardware
complexity unlike traditional time-domain equalizer and Golay sequence-aided
channel estimation will eliminate the AWGN noise. The Golay-MPIC TDE can
achieve 2.53*10™ BER in SC mode and 4.22*10 BER in HSI mode (both uncoded)
at SNR 12dB. The total area is about 405K gate-count with 99% shared by SC and

HSI mode. The power consumption is only 88mW when working at 400 MHz.
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6.2 Chip Implementation Summary

The proposed different domain architectures are integrated in two indoor wireless
communication baseband receiver systems. For the high speed and area efficiency
considerations, the overall system designs are implemented using 65 nm 1P9M

CMOS GP process under supply voltage 1.0 V.

The LS-LMS FDE chip occupies 7.81mm? core area with 65.91% utilization, and
the clock rate is 333 MHz. The data rate of SC and HSI mode can achieve 3.52 Gbps
and 5.28 Ghbps, respectively. Also, the power consumption is 793.98 mW. The shared

memory is 32.68% of the baseband system which is shared by BD and FDE blocks.

The core area of Golay-MPIC TDE chip is 7.95 mm? with 88.93% utilization, and
the clock rate is 336.7 MHz. The data rate of SC and HSI mode can achieve 3.52
Gbps and 5.28 Gbps, respectively. Also, the power consumption is 1.12 W. The BD,
TDE and PNC blocks use the same shared -memory which is 37% of the baseband

system.

6.3 Future Work

In the future, we will consider the modifications on the Golay-MPIC TDE
algorithm to deal with the effects of variant channel and NLOS channel. As regards
the chip implementation, we will reduce the core area and power consumption. Also,
10 Gbps data rate is our design target in the future. Higher QAM modulation, deeper

pipeline, and more parallels architecture can achieve the 10 Gbps data rate goal.
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