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Implementation of Joint Pre-FFT Adaptive Array Antenna and
Post-FF'T Space Diversity Combining for Mobile ISDB-T Receiver

SUMMARY  In our application targeted here, four on-glass antenna el-
ements are set in an automobile to improve the reception quality of mobile
ISDB-T receiver. With regard to the directional characteristics of each an-
tenna, we propose and implement a joint Pre-FFT adaptive array antenna
and Post-FFT space diversity combining (AAA-SDC) scheme for mobile
ISDB-T receiver. By applying a joint hardware and software approach, a
flexible platform is realized in which several system configuration schemes
can be supported; the receiver can be reconfigured on the fly. Simulation
results show that the AAA-SDC scheme drastically improves the perfor-
mance of mobile ISDB-T receiver, especially in the region of large Doppler
shift. The experimental results from a field test also confirm that the pro-
posed AAA-SDC scheme successfully achieves an outstanding reception
rate up to 100% while moving at the speed of 80km/h.

key words: adaptive array antenna, space diversity combining, OFDM,
ISDB-T, FPGA, DSP

1. Introduction

Terrestrial Integrated Services Digital Broadcasting (ISDB-
T) as digital TV broadcasting service in Japan started to
launch nationwide from 2006. Orthogonal Frequency Di-
vision Multiplexing (OFDM), also referred to as a multi-
carrier modulation scheme, is adopted as a modulation
method of ISDB-T standard. OFDM is well-known as a
high-spectral efficiency transmission method in the mul-
tipath environment [1],[2]. However, ISDB-T standard
mainly aims to fully support fixed reception applications. In
a circumstance that OFDM receiver is set on the automobile,
orthogonality among OFDM subcarrier is destroyed due to
Doppler shift as the automobile is moving. Therefore, it is
a severe challenge to maintain the reception quality of mo-
bile ISDB-T receiver at a certain level that is acceptable for
human vision.

One well-known way to improve the performance of
OFDM receiver is to exploit a spatial diversity by utilizing
multiple antenna elements. Typically, depending on whether
the Fast Fourier transform (FFT) is performed before or af-
ter diversity combining, the structure of an OFDM receiver
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is then classified into two types: Pre-FFT scheme and Post-
FFT scheme. In Pre-FFT scheme, array antenna utilizes dig-
ital beam-forming (DBF) algorithm to form beam toward
the desired signal [3],[4]. Since this approach only relates
to processes prior to FFT, it is an attractive solution in term
of low computation requirement. Several approaches based
on adaptive array antenna and Pre-FFT scheme, namely as
Pre-FFT adaptive array antenna (Pre-FFT AAA) scheme,
have been proposed to improve the performance of mobile
OFDM receiver in multipath condition [5]-[10]. In our pre-
vious works [11] and [12], we proposed and implemented
the Pre-FFT AAA scheme, in which several DBF algo-
rithms have been adopted, such as Maximum Ratio Comb-
ing (MRC), Adaptively Main Beam Forming (AMBF) as the
improvement algorithm of MRC, and Sample Matrix Inver-
sion (SMI). On the other hand, Post-FFT scheme is an opti-
mum approach in term of maximizing signal-to-noise ratio
(SNR) for each OFDM subcarriers [13]-[15]. However, its
computation complexity grows drastically as more antenna
elements associated with equivalent OFDM demodulations
are used.

In this paper, we propose a joint Pre-FFT adaptive array
antenna and Post-FFT space diversity combining scheme,
hereto referred to as AAA-SDC, as a trade-off approach to
improve the performance of mobile ISDB-T receiver with
reasonable requirement of computation complexity. For our
particular application, four on-glass antenna elements are
set in the body of automobile. Interestingly, as the body
of automobile is made from metal, one should take into ac-
count the fact that the directional characteristic of antenna
element is distorted and seemingly concentrates on the out-
side of the automobile [17]. To exploit the unique prop-
erty of on-glass antenna elements, we also propose the im-
plementation of the AAA-SDC scheme for mobile ISDB-T
receiver, in which several implementation-related issues is
dealt with, e.g. Doppler shift, frequency error, sampling rate
error and timing synchronization. The target of our design is
not only to improve the reception quality but also to provide
the flexible and unified platform that is capable of reconfig-
uration and further improvement. The performance of the
proposed scheme is evaluated by simulation and the proto-
type is validated in field experiments.

The rest of the paper is organized as follows. In
the next section, signal models of the proposed AAA-SDC
scheme and DBF algorithms such as MRC, AMBF and SMI
are introduced. In Sect. 3, issues related to implementations
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of the proposed AAA-SDC scheme for our application are
discussed. The implementation of the AAA-SDC scheme is
verified by simulations and experiments, the results are pro-
vided in Sect.4 and Sect. 5. Finally, conclusions are given
in Sect. 6.

2. OFDM Signal Model

In OFDM transmitter, data stream is serial-to-parallel di-
vided into multiple substreams modulated by inverse fast
Fourier transform (IFFT). Then, GI (Guard Interval) is in-
serted at the output of IFFT. The OFDM transmitted base-
band signal can be expressed as

N./2-1
s(n) = —

where a(i, k) denotes a complex modulation data of k-th sub-
carrier of i-th OFDM symbol and N, denotes the number of
OFDM subcarriers.

The OFDM received signal via multipath channel is de-
rived as follow

ai, kye e (1)

y(n) = h(n) ® s(n) + n(n) 2

where ® denotes the convolution. 4(n) and n(n) are channel
impulse response (CIR) of multipath channel and additive
noise, respectively.

At the receiver, after removing GI, the received signal
is demodulated by using the FFT. The OFDM received sym-
bol at k-th subcarrier of i-th OFDM symbol is derived as

N.—1
YG k) = ) yme R 3)
n=0
H(, k)a(, k) + NG, k)

where H(i, k) and N(i, k) are channel transfer function (CTF)
and additive noise at k-th subcarrier of i-th OFDM symbol,
respectively.

N.—1

HGik) = " h(me " (4)
n=0
Ne—1 .

NG, k) = " p(mpe i

n=0

2.1 Pre-FFT Adaptive Array Antenna

DBEF algorithms that exploit the periodic property of OFDM
signal are realized. OFDM signal is comprised of GI with
duration of T, and an effective symbol with duration of 7.
Indeed, GI is a copy from the last part of the effective sym-
bol. In this paper, GI is referred to as “HeadGlI” in order
to distinguish from the original part, which is referred to as
“TailGL”

Figure 1 illustrates the principle of the Pre-FFT AAA
scheme [12]. Suppose that a linear array antenna is equipped
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Fig.1  The principle of the Pre-FFT AAA scheme.

with M element antenna. Thus, an input vector of the AAA
scheme is expressed as

X(n) = [x1(n)  x2(n) ... xp(m)]" )

Hence, the output of the AAA scheme is calculated as
follows

y(n) = WHX(n) (6)

where superscripts ()T and ()Y denote the transpose and the
conjugate transpose, respectively.

W = [w; wy ... wyl” is a coefficient vector of the AAA
scheme.

In our previous work [12], DBF algorithms were inves-
tigated and implemented. Again, they are adopted for the
Pre-FFT scheme and their signal models are briefly given in
the following.

Firstly, MRC algorithm is recursively derived from the
cross-correlation of inputs and output of the Pre-FFT AAA
scheme [12]. Accordingly, the initial coefficients of the Pre-
FFT AAA is set so that the input of only one antenna is used
as the output. Then, the coefficients of MRC algorithm is
recursively determined for next OFDM symbol and is ex-
pressed as

Wire = E[X(n)y"(n)] (7

where EJ.] denotes the expectation function.

Secondly, AMBF, which is based on MRC algorithms,
is derived in order to exploit the periodic property of OFDM
signal. Hence, the coefficients of AMBF algorithm are de-
rived from the cross-correlation of HeadGlIs of inputs and
TailGI of output as follows

Wausr = E[X,(n)y; (n)] (®)

where X, (n) denotes HeadGlIs of input vector, y,(n) denotes
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TailGI of output.

Finally, SMI algorithm is also adopted for the Pre-
FFT AAA scheme. Instead of forming the beams toward
the strongest path, SMI algorithm steers nulls toward DOAs
(Direction-Of-Arrival) of interferences. The coefficients of
SMI are given as

Wt = R Wansr &)
where R, = E [XhXhH ] is auto correlation matrix of inputs.

2.2 Post-FFT Space Diversity Combining

Figure 2 illustrates the principle of the Post-FFT SDC in the
OFDM receiver. Suppose that the Post-FFT SDC consists
of M FFTs corresponding to M OFDM demodulators. The
combined symbol at k-th subcarrier of i-th OFDM symbol
is given as follows

M
Z(i, k) = Z Ci(i, k)Y, (i, k) (10)

=1

where C(i, k) and Y;(i, k) are combining coefficient and re-
ceived symbol corresponding to I-th branch of Post-FFT
SDC at k-th subcarrier of i-th OFDM symbol, respectively.

Assume that each subcarrier suffers the flat fading con-
dition due to its narrow bandwidth and the perfect CTF es-
timation is also utilized. Thus the combining coefficient
corresponding to /-th branch of the Post-FFT SDC at k-th
subcarrier can be derived by using the MRC algorithm as
follows [14]

C(i.k) = MH’(—lk) (11)
121 |H(i, k)P

where H,(i, k) is CTF of [-th branch at k-th subcarrier of i-th
OFDM symbol.

By using MRC algorithm, the optimum SNR can be
achieved for each subcarrier in the Post-FFT SDC scheme
[24].

2.3 Proposed Joint Pre-FFT Adaptive Array Antenna and
Post-FFT Space Diversity Combining

The Post-FFT SDC scheme mentioned above is literally an
optimum solution to achieve the maximum diversity gain
with given antenna elements. However, due to a very high
computation complexity, recently, the implementation of the
Post-FFT SDC scheme is usually comprised of up to four
OFDM demodulations.

In this paper, we propose a joint Pre-FFT adaptive array
antenna and Post-FFT space diversity combining scheme for
OFDM receiver, named as the AAA-SDC scheme. Hence,
the AAA-SDC scheme can be considered as a trade-off so-
lution to achieve a reasonable diversity gain with a relatively
low computation complexity.
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Fig.2  The principle of the space diversity combining scheme (SDC) of
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Fig.3  The proposed joint Pre-FFT adaptive array antenna and post-FFT
space diversity combining of OFDM receiver.

Figure 3 illustrates the principle of the proposed AAA-
SDC scheme. The proposed AAA-SDC scheme is com-
prised of M, Pre-FFT AAA schemes corresponding to M,
OFDM demodulations of the Post-FFT SDC scheme. Each
Pre-FFT AAA scheme is comprised of M) antenna ele-
ments. It is worthwhile to note that the total number of
antennal elements is kept unchanged, i.e. M = M; X M,.
Several DBF algorithms, e.g. MRC, AMBF and SMI, are
performed in the Pre-FFT AAA scheme as discussed in
Sect.2.1. Outputs of them are fed to the Post-FFT SDC
scheme to perform diversity combining for each subcarrier
of OFDM symbols as discussed in Sect. 2.2.

Next, the implementation of the proposed AAA-SDC
scheme for mobile ISDB-T receiver is discussed. Addition-
ally, implementation-related issues that greatly impact on
the performance of the proposed scheme are also dealt with
in the next section.
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3. Implementation of the Proposed AAA-SDC Scheme
for Mobile ISDB-T Receiver

In this section, the implementation of the proposed AAA-
SDC scheme is discussed from the viewpoint of hardware
design. The target of our design is to improve the perfor-
mance of the mobile ISDB-T receiver up to a certain level
of reception quality. It is also required to provide a flexible
and unified platform that is capable of reconfigurations and
further improvements.

3.1 Implementation-Related Issues

As realizing the AAA-SDC scheme, several implementation
related issues are brought to our concern and listed as fol-
lows

o Doppler shift and frequency error due to imperfect os-
cillator.

o Sampling rate error due to the mismatch sampling fre-
quency between the transmitter and the receiver.

o OFDM symbol synchronization and CTF estimation.

Next, these issues are discussed thoroughly and their treat-
ments are summarized.

A. Doppler Shift and Frequency Error.

In mobile ISDB-T receiver, incoming signal with car-
rier frequency of f. comes to antenna with angle-of-arrival
(AOA) of 0. As aresult, each subcarrier of the OFDM signal
suffers a Doppler shift as

fi Sfc cos(6) (12)

v
— (&)
y cos(6)

where A is wavelength of incoming signal; v and ¢ are the
speed of the automobile and the light, respectively. The
maximum Doppler shift is determined as fyma.x = (v/¢)f;.

In mobile channel, assume that many waves arrive each
with its own random AOA (thus with its own Doppler shift),
which is uniformly distributed within [0, 2], independently
of other waves. A probability density function of the fre-
quency of received signal can be obtained, referred to as
Doppler spectrum [24]. Figure 4(a) illustrates Doppler spec-
trum of received signal associated with an omnidirectional
antenna, i.e. all frequency components of received signal
are subjects of Doppler shift randomly distributed within
[_fdmax, +fdmax]-

In our application, totally four antenna elements are
utilized and are set in the body of automobile, two antenna
elements are set in the front and the others are set in the rear.
However, as the body of automobile is made from metal,
two front antenna elements seemingly experience a similar
Doppler shift as discussed below, so do the others in the rear.
Hence, in order to simply demonstrate different Doppler
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Fig.4 Illustration of Doppler effect in case antenna elements are set in
the body of automobile.

shift phenomenon between the front and rear antenna ele-
ments, let us assume in this subsection that there are only
two antenna elements, one set in the front and the other set
in the rear of the body of automobile — see Fig. 4(b). As the
body of automobile is made from metal, it is experimentally
confirmed that directional characteristic of the front antenna
is obviously distorted and concentrates on the front direc-
tion, while that of the rear antenna focuses to the back di-
rection of automobile [17]. Therefore, these antenna ele-
ments can be considered as direction filters of which AOA
of incoming signal is the subject. Consequentially, as illus-
trated in Fig. 4(c), received signal of front antenna element
mostly experiences a positive Doppler shift randomly dis-
tributed within [0, + fzmax ]; Whereas that of rear antenna ele-
ment mostly experiences a negative Doppler shift randomly
distributed within [— fjmax, 0]. In other words, performance
of mobile ISDB-T receiver is seemingly enhanced in mo-
bile channel condition as bandwidth of Doppler spectrum is
reduced by exploiting directional antenna elements.

In addition, imperfect analog components, such as car-
rier frequency oscillator, also introduce a frequency error
to the received signal. A frequency error caused by imper-
fect analog components can be considered to be invariant in
duration of many OFDM symbols. As a result, ICI (Inter-
carrier Interference) caused by both Doppler shift and im-
perfect analog components will increase the error floor of re-
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ceived symbol at each subcarrier. Therefore, it is important
to cope with the fotal frequency error caused by Doppler
shift and imperfect analog components. Moreover, in our
specific application, frequency error of the front antenna and
that of the rear antenna should be estimated and compen-
sated separately due to their opposite Doppler shifts. The
methodology to cope with frequency error for our applica-
tion is discussed thoroughly in Sect. 3.2. It is worthwhile to
note that the accuracy of frequency error estimation can be
enhanced by exploiting directional antenna elements.

B. Sampling Rate Error.

The mismatch of sampling rate between a transmitter
and a receiver is unavoidable in a wireless communication
system. Figure 5 illustrates an impact of sampling rate er-
ror on a sampled TailGI. Due to the drifting of sampling
positions of TailGI, the cross correlation between HeadGI
of inputs and TailGI of the output is severely deteriorated.
Therefore, it is important to cope with sampling rate error in
order to improve performances of DBF algorithms in reality.

Decimation/interpolation as a digitally timing-adjust-
ment process is a well-known method to cope with sam-
pling error and is covered extensively in the literature [22],
[23]. Moreover, in our system, the sampling rate of received
OFDM signals is always slightly higher than that of trans-
mitted signals. The purpose of that is to simplify the decima-
tion/interpolation process, i.e. only interpolation process is
necessary to compensate sampling rate error, consequently.

C. Timing Synchronization Error.

Due to the nature of wireless communication, timing
synchronization error is inevitable. In our design, the per-
formance of DBF algorithms are greatly impacted by the
accurate timing synchronization as sampling HeadGlIs and
TailGIs. In addition, the performance of CTF estimation is
essential for Post-FFT diversity combining scheme.

These errors mentioned above are issues one should
carefully deal with in order to enhance the robustness of the
AAA-SDC scheme. In [20], OFDM signal model with the
presence of these errors is investigated. In [21] the opti-
mum structure of OFDM receiver are proposed, in which
error estimation processes are realized both prior and after
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FFT. In our design, a joint symbol synchronization and fre-
quency error compensation are realized based on the peri-
odic property of OFDM signal [19]. Additionally, as the
ISDB-T standard employs scattered pilots (SPs) in subcar-
riers, CTF can be estimated by performing 2D interpolation
on SPs. Estimations of CIR and a delay profile of multipath
channel can also be obtained by performing IFFT on CTF. In
our circumstance, by monitoring the position of the peak of
the delay profile, sampling rate error and precise timing syn-
chronization are estimated and compensated prior to FFT. In
Sect. 3.2, the functional block diagram for hardware imple-
mentation is disclosed and discussed thoroughly.

3.2 Implementation of the AAA-SDC OFDM Receiver

In this subsection, the implementation of the AAA-SDC
scheme for mobile OFDM receiver is discussed. Again,
one should keep in mind that the application of the mobile
OFDM receiver is specifically to be set in the automobile.
Due to the limitation on the automobile’s space and, more
importantly, the cost of hardware complexity, four antenna
elements are employed, of which two antenna elements are
set in the front and the others are set in the rear of the auto-
mobile.

Figure 6 shows the block diagram of the AAA-SDC
scheme for mobile OFDM receiver. Received signals from
four antenna elements are down-converted and analog-to-
digital converted. It is important to mention here that:

e Received signals from antenna elements experience
similar sampling rate error because the common car-
rier frequency oscillator is used.

o Doppler shift and timing synchronization error are sim-
ilar for received signal from either front antenna ele-
ments or rear ones due to the close distance of them.

o However, Doppler shift and timing synchronization er-
ror are seemingly independent from front antenna ele-
ments to rear ones due to the distant separation of them
and the material of automobile’s body.

In our implementation, the estimation processes, such
as sampling rate error estimation, frequency error estimation
and timing synchronization estimation, are utilized before
and after FFT transformation, namely Pre-FFT and Post-
FFT estimations [19], [20].

After compensating the sampling rate error and fre-
quency error, HeadGI of received signals and TailGI of the
combined signals from the array antenna are sampled and
stored into memory BRAM. The DSP is responsible for gen-
erating the coefficients of the AAA. There are two indepen-
dent OFDM demodulations corresponding to two branches
of the SDC scheme. Each branch is comprised of FFT and
CTF estimation. The output signal of the SDC is fed to
the FEC (Forward Error Correction) to obtain data stream.
Note that implementation of the AAA-SDC scheme asso-
ciates with several system configuration parameters, such as
AAA _opt and SDC_opt as configuration parameters of Pre-
FFT AAA scheme and Post-FFT SDC scheme respectively.
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Their features are explained in next subsections.
A. Joint Hardware and Software Implementation.

We use joint hardware and software approach for im-
plementing the proposed AAA-SDC scheme —see Fig. 6.
FPGA is utilized as hardware side due to its million-logic-
gate density and gigabit-per-second interface. Therefore
prefixed processes which also demand high computation
load, such as FFTs, CTF estimation, Pre-FFT and Post-FFT
estimations, are synthesized in FPGA. In contrast, DBF al-
gorithms that require less computation load are realized in
DSP. In our design, TI C6713 development board is used
to perform DBF algorithms. It features the TMS320C6713
DSP of 225 MHz with floating-point support, which meets
the demand of high precision computation for DBF algo-
rithms. This joint hardware and software approach surely

OFDM symbol length
-—

Sampling
HeadGI & TailGI
BRAM
. Bank #0 Bank #1 Bank #0 Bank #1
in FPGA " o
~,
~ ~ >
_______________________________ Y G P NSO I EES
EMIF \ 2
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Intemal Memory s, to FPGA \ ~
-
2 2|Is E g
Internal i i E 'ﬁ Z Z
Memory S 3 54 3
2] 2] @ =] M <]
DSP Initial data DBF DBF DBF
and reset algorithm algorithm algorithm

Fig.8 Timing diagram the AAA-SDC scheme.

provide a robust platform for investigation and further im-
provement. Figure 7 shows the interface of FPGA and DSP.
FPGA and DSP are coupled via a shared memory block lo-
cated in FPGA, namely BRAM. BRAM is a dual-port mem-
ory block which provides a common memory accessible to
both FPGA and DSP that can be used to share and trans-
mit data and system status between them. DSP retrieves
data in BRAM via EMIF (External Memory Interface) us-
ing EDMA (Enhanced Direct-Memory-Access). Handshake
signal from FPGA is used as external interrupt to trigger the
data transfer process and the operation of CPU.

In detail, a dual memory bank is utilized in both BRAM
and internal memory of DSP to realize real-time opera-
tion. Timing diagram is illustrated in Fig. 8. As mentioned
above, BRAM provides common memory accessible to both
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Table1  Specification of the prototype.
Channel 4

ADC Resolusion 10 bit
Adaptive Sampling rate 32 MHz
Array FPGA Xilinx Virtex-II Pro VP70,
Antenna VP20

DSP TIDSP C6713

TMS320C6713 225 MHz

Space Xilinx Virtex-II 4000x2, V3000
Diversity FPGA (OFDM Demod. and SDC)
Combining

Fig.9  Prototype of the AAA-SDC scheme.

FPGA and DSP. In FPGA, samples of HeadGI and TailGI
are stored continuously to bank #0 and bank #1 in BRAM.
Meanwhile, DSP retrieves data samples available in one
memory bank in BRAM to generate the coefficients. Af-
ter that, the coefficients are stored back to the corresponding
memory bank in BRAM. The duration for retrieving data
samples, generating the coefficients and storing the coeffi-
cients is shorter than one OFDM symbol duration.

We successfully implement the prototype of the AAA-
SDC scheme. Table 1 and Fig.9 show the specification
and photograph of a prototype of the proposed AAA-SDC
scheme.

B. Multiple System Configurations featured by the
AAA-SDC Scheme.

The prototype is capable of altering the combination of
antenna elements, i.e. four antenna elements can be used as
one array antenna or as two array antenna, of which one is
set in the front and the other is set in the rear of automobile.
In addition, the operation of the Post-FFT SDC scheme can
also be switched to a conventional equalizer by using only
one OFDM demodulation. As a result, the prototype can be
utilized as the proposed AAA-SDC scheme or as the Pre-
FFT AAA scheme. Nevertheless, since DBF algorithms are
embedded in DSP, beam-forming capability of the array an-
tenna can also be reconfigurable on the fly. The capabilities
of reconfiguring the system configuration and changing dif-
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Fig. 10
scheme.

Multiple system configurations supported by the AAA-SDC

ferent DBF algorithms are to flexibly adapt the design for
various applications. We believe these features are useful
for investigation and further improvement.

Two system configurations are featured for evaluation
and experiment. Figure 10(a) shows the proposed AAA-
SDC scheme as a fully supported system configuration,
in which both Pre-FFT AAA scheme and Post-FFT SDC
scheme are exploited, and is hereto referred to as System
Configuration A. The other, shown in Fig. 10(b), is the con-
ventional Pre-FFT AAA scheme referred to as System Con-
figuration B [12]. Their implementations are significantly
different, such as:

e System Configuration A aims to exploit capabilities
of beam forming and diversity combining algorithm
with regard to directional characteristics of antenna el-
ements set in automobile. Meanwhile, System Config-
uration B only supports beam forming capability.

e In System Configuration A, two independent frequency
error compensations are used for received signals from
two front antennas and two rear antennas. However, in
System Configuration B, only common frequency error
compensation is used.

The performances of the prototype with both system
configurations are evaluated by simulations and field exper-
iments comparatively and the results are given in Sect. 4 and
Sect. 5.
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4. Simulation Results

In this section, the operation of the AAA-SDC scheme is
verified and studied by simulation. Coware Signal Process-
ing Worksystem (SPW) is used as a developing EDA tool.
SPW provides a flexible visualization environment with
block-oriented design. Nevertheless, because of its capa-
bility of co-simulating multiple languages, such as VHDL,
Verilog HDL as well as C/C++, ones can possibly perform
the system-level design in a single design workbench in
order to verify the operation in co-simulating environment
straightforwardly.

To evaluate performance of the AAA-SDC scheme in
our application, based on [16], directional characteristics of
antenna elements are modeled as

Eycos[k(0—6p)], k|6 — 6] < 90°
E®) = or k(|6 — 6y| —360°) > —90°
0 otherwise
(13)

where E(0) is an electric field strength in direction of 6, Ej is
the maximum electric field strength of the antenna element.
6y is center direction of each antenna element and k is a
beam width parameter.

In this paper, the value of k is determined by given
beam width in which the electric field strength remains
larger than a half of Ej, referred to as half-power beam
width (HPBW). Thus, HPBW and the center direction of
each antenna element could be used to model antenna direc-
tional characteristic in these evaluations hereafter.

Table 2 shows the specifications of the AAA-SDC
scheme. Furthermore, Fig. 11 illustrates electrical field
strength of antenna elements. As such, front antenna #1 and
#2 with HPBW of 120 deg and center directions of 30 deg
and 330deg, respectively, essentially concentrate their di-
rectional characteristics on the front direction of the auto-
mobile. In contrast, rear antenna #1 and #2 with HPBW of
120 deg and center directions of 150 deg and 210 deg mainly
concentrate on the back direction of automobile. Mode3 of
ISDB-T standard using 64 QAM modulation scheme and GI

Table 2  Specification of the AAA-SDC scheme.

Two 2-antenna element linear arrays

Center direction | Distant
Front 1 30deg | Half-wavelength
Front 2 330deg | =0.2662m
Rear 1 150deg | Half-wavelength
Rear 2 210deg | =0.2662m

HPBW=120deg
ISDB-T using DTV28CH Mode3
Carrier Frequency | 563.143 MHz
FFT size | 8192
Number of Subcarrier | 5617

Effective Sym. Duration T, | 1008 us
Gl duration Ty = T./8 | 126 us
Modulation | 64 QAM
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duration T, = T,/8 is selected as the simulation condition.
In order to simplify the verification of the proposed AAA-
SDC scheme, a perfect frequency error estimation is used.
Also keep in mind that BER measurements are undertaken
without Viterbi decoder.

As mentioned in Sect. 3, several system configurations
can be supported by using configuration parameters. In
the previous project [11],[12], the Pre-FFT array antenna
has been implemented due to its lowest cost in computa-
tion complexity. Therefore, in order to demonstrate the
continuous progress of our project and to convey the view-
point of hardware design, the performance of the proposed
AAA-SDC scheme (System Configuration A) and the con-
ventional Pre-FFT AAA scheme (System Configuration B)
are subjects for comparisons. More particularly, several
DBF algorithms for each configuration are included, such as
MRC, AMBF and SMI. Varieties of multipath channel con-
ditions are conducted to verify the operation of the AAA-
SDC scheme and are discussed in next subsections.

4.1 Multipath Channel Condition 1

In this simulation, multipath channel condition is realized
to verify the AAA-SDC scheme. Table 3 shows the specifi-
cation of this simulation condition. It is worthwhile noting
that in this condition delay spreads are shorter than GI du-
ration. Therefore, it can be considered as a free ISI channel
condition.

Figure 12 shows the BER performances of the AAA-
SDC scheme versus SNR with Doppler shift of 0 Hz. The
performances of different DBF algorithms on the same sys-
tem configuration are rather identical. Moreover, the BER
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Fig.11  Allocation of antenna elements in automobile and their direc-
tional characteristics.

Table3  Multipath channel condition 1.
[ Paths | 6(deg) [ DUR(@B) | Delay |

#1 0 3 05 * (T,/8)
) 30 0 0

# 90 3 32+ (T,/8)
#4 150 3 25+ (T,/8)
# 210 0 03+ (T,/8)
#6 300 3 40+ (T,/8)
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Fig.13  BER vs. Doppler shift with SNR=30dB.

performances of System Configuration A outperform those
of System Configuration B due to the superiority of the Post-
FFT SDC scheme.

In addition, the BER performances of the AAA-SDC
scheme versus the maximum Doppler shift with SNR of
30dB are shown in Fig. 13. Again, the BER performances
of different DBF algorithms are similar for each particular
system configuration. Interestingly, the DBF algorithms on
System Configuration A is seemingly stable in a region of
very high Doppler shift because of the perfect frequency er-
ror compensation. However, the performances of DBF al-
gorithms on System Configuration B are greatly degraded
as Doppler shift increases. As antenna elements in the front
and in the rear gather incoming signals with different AOAs,
their received signals suffer greatly different Doppler shift,
from the front ones to the rear ones, due to their different di-
rectional characteristics. As a result, Doppler shift is rarely
compensated by the common frequency error compensation
and therefore greatly degrades the performances on System
Configuration B in a region of high Doppler shift.

4.2 Multipath Channel Condition 2

The channel condition for this simulation is given in Table 4.
In this condition, there are two paths with delay spread ex-
ceeding GI duration, considered as ISIs, coming from both
the front direction and the back direction. Once again, the
performances of DBF algorithms on System Configuration
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Table4  Multipath channel condition 2.
| Paths [ f(deg) | DUR(B) | Delay |

#1 0 3 10.0 * (T, /8)
#2 30 0 0

#3 90 3 3.2 %(Ty/8)
#4 150 3 11.2 % (T,/8)
#5 210 0 0.3 % (T,/8)
#6 300 3 4.0 % (T,/8)
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Fig.14 BER vs. SNR with Doppler shift of 0 Hz.
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Fig.15 BER vs. Doppler shift with SNR=30dB.

A and B are evaluated. Figure 14 shows the BER perfor-
mances versus SNR in case Doppler shift of 0 Hz. With
the presence of interferences, System Configuration A still
outperforms System Configuration B. In detail, SMI algo-
rithm on both configurations achieves the best performance
due to its ability of suppressing interferences. Let it keep
in mind that AMBEF algorithm is the improvement of MRC
algorithm as discussed in Sect.2.1. Therefore it is also in-
teresting to note that the performances of AMBF algorithm
outperform those of MRC algorithm on both configurations.
BER performances versus Doppler shift in the case
of SNR of 30dB are given in Fig. 15. Similarly, the per-
formances of DBF algorithms on System Configuration A
are more stable in a region of high Doppler shift, mean-
while their performances on System Configuration B are
severely degraded by Doppler shift. Over all, SMI algorithm
achieves the highest performance on both configurations.
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Table 5 Experimental conditions.
City Center Loop Expressway
Test (NLOS enviroment)
Course Course length 10km

Distance to ISDB-T tower
4 on-glass antenna elements
Evaluation signal 12-segment HDTV
Moving speed 80 km/h
Evaluation period approx. 8 minutes

approx. 20 km

Evaluation
Conditions

N 7
Front #1

Rear #1

Rear #2 Front #2]
N/ N\

Front #1
o—1
5 & E
Front #2 28 E —§ § Monitor
= g8 o
Rear#l | S =S ™ o
ear =] o n
13 £ 5 2
R S
=
Rear #2
o——4
Fig.16  Illustration of experiment setup.

5. Experimental Results

The prototype of the AAA-SDC scheme is successfully im-
plemented and is the subject of several experiments. The
experimental conditions are summarized in Table 5 and the
experiment setup is illustrated in Fig. 16. In [17], the direc-
tional characteristics of on-glass antennas mounted in dif-
ferent positions in the body of automobile are illustrated. In
our experiment setup, four on-glass antenna elements are set
in body of automobile, two antenna elements are mounted
in corners of the front windshield, whereas the others are
mounted in the rear windshield of the experimental auto-
mobile. Output signal of the prototype is error-corrected
by Viterbi decoder and Reed-Solomon decoder to obtain
MPEG-2 stream. The broadcasted signal is then displayed
in a monitor to evaluate the reception quality — see Fig. 16.

To validate the reception quality of the prototype, we
define the reception rate as the ratio of error-free recep-
tion duration to the total experiment duration. In the ex-
periment, the reception rate of the prototype is measured
while the experimental vehicle is moving with speed of
about 80 km/h in the highway. In the test course, the proto-
type experiences no co-channel interference, however non-
line-of-sight (NLOS) multipath condition with relatively
long delay paths is mostly observed during the experiments.
The performances of both system configurations, in which
MRC, AMBF and SMI are selected, are measured sepa-
rately. Figure 17 shows the average reception rate of Sys-
tem Configuration A and System Configuration B. In the test
course, System Configuration A that utilizes MRC, AMBF
and SMI, can achieve the average reception rate of 100%;
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Fig.17  Performances of system configuration A and B.
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Fig.18  Performances of DBF algorithms in system configuration B.

whereas the average reception rate of System Configuration
B utilizing MRC, AMBF and SMI can only reaches up to
65%. Obviously, the performance of mobile ISDB-T re-
ceiver set in the high-speed automobile are drastically im-
proved by using the proposed AAA-SDC scheme.

Figure 18 illustrates the performances of MRC, AMBF
and SMI in System Configuration B in detail. By exploit-
ing the periodic property of OFDM signal as explained in
Sect. 2, the reception rate of AMBF is improved compared
with that of MRC. More interestingly, as the receiver experi-
ences mostly NLOS multipath condition with relatively long
delay paths in the test course, due to the null steering capa-
bility, the performance of SMI outperforms that of MRC and
AMBF.

The experimental results are also disclosed in [12] and
[18].

6. Conclusions

In circumstances that multiple antenna elements are set
in the body of automobile, it is inappropriate to consider
their directional characteristics as omnidirectional charac-
teristics. Indeed, the directional characteristics of the front
ones focus to the front direction while those of the rear ones
focus to the back direction of the automobile.

In this paper, the AAA-SDC scheme is proposed and
implemented to improve the performance of mobile ISDB-
T receiver in such application. By exploiting the joint
software-hardware approach, several DBF algorithms can
be supported. Moreover, this approach also provides the
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platform in which several system configurations can be re-
configurable on the fly. Simulations and experiments are
conducted to verify the performance of the proposed AAA-
SDC scheme. The results show that a performance of mo-
bile ISDB-T receiver is drastically improved as the specific
directional characteristics of antenna elements are taken into
account. The experiment results show that the proposed
AAA-SDC scheme achieves the outstanding reception rate
up to 100%, meanwhile the reception rate of the Pre-FFT
AAA scheme only reaches up to 65%.
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