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Joint Hardware-Software Implementation of Adaptive Array

Antenna for ISDB-T Reception

SUMMARY In this paper, an adaptive array antenna is implemented
to enhance the performance of digital TV ISDB-T reception. Issues of
realizing the proposed array antenna and its implementation by a joint
hardware-software solution are also presented in this paper. Instead of us-
ing known reference signals, the proposed method utilizes the GI (Guard
Interval) and a periodic property of OFDM signal as a constraint to realize
MRC (Maximum Ratio Combining) and SMI (Sample Matrix Inversion)
adaptive beam-forming algorithms. Experimental results show that the pro-
posed system drastically improves the quality of reception. Moreover, the
proposed system can achieve excellent performance under the conditions
of strong interferences.
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1. Introduction

Terrestrial digital TV broadcasting in Japan (ISDB-T) was
launched in three major metropolitan areas in 2003, and na-
tionwide broadcasts will start in 2006. In ISDB-T standard,
Orthogonal Frequency Division Multiplexing (OFDM), also
referred as a multi-carrier modulation scheme, is adopted
as a modulation method. OFDM is well-known as a high-
spectral efficiency transmission method. Many subcarriers
that are mutually orthogonal in frequency are modulated,
thanks to FFT. Additionally, OFDM uses GI to effectively
combat with ISI (Inter-Symbol Interference). Hence, the
performance of OFDM is superior to that of a single-carrier
modulation in the multipath environment [1], [2].

In real applications, however, there are some difficul-
ties with both fixed and mobile reception. For example,
since a high-gain antenna is set at a high position in most
fixed reception, delayed waves with long spreading from
remote transmitting stations are also received in SFN sce-
nario (Single Frequency Network). Consequently, delayed
waves exceeding GI duration cause a severe degradation of
the quality of reception. As the scenario of mobile recep-
tion in which a typical omnidirectional antenna is deployed
in vehicles or personal communication systems, one might
experience non-LOS (Line-Of-Sight) and multiple delayed
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waves. Even with delayed waves within GI duration, the
quality of reception also deteriorates if the value of DUR
(desired-to-undesired ratio) decreases.

Recently, an adaptive array antenna is paid attention to
as an attractive solution to suppress interferences and to en-
hance the quality of reception in the multipath environment
[3], [4]. It usually requires in advance the knowledge of the
characteristics of the desired signals to distinguish between
them and undesired signals, i.e. AOAs (Angle of Arrival)
of desired signals and undesired signals are required in or-
der to form beams toward intended directions and nulls to-
ward undesired directions [5]-[7]. However, due to their
high complexity, these approaches cost lots of computations
and efforts from a viewpoint of hardware implementation.

Another approach to realize the array antenna is a class
of time-domain adaptive DBF (Digital Beam-Forming) al-
gorithms. Using this approach, beam of the array antenna
is mainly formed prior to FFT and OFDM demodulation.
Hence, this method not only improves the quality of recep-
tion efficiently but also requires a low complexity of compu-
tation. In [8] and our previous work [9], MRC as DBF algo-
rithm for OFDM receiver has been applied. Since the con-
ventional MRC combines incoming signals in proportion to
their amplitudes, under the circumstance that the power of
interferences is stronger than that of the desired signals, it
might form beam toward the strongest interference instead
of the desired signals. In [10], MMSE adaptive array an-
tenna for OFDM system was proposed. This method uti-
lizes GI to form nulls toward undesired directions. Based
on [10], we propose a joint hardware-software platform to
implement adaptive array antenna for ISDB-T reception.
Proposed MRC and SMI as DBF algorithms of the array
antenna are derived without the necessity of reference sig-
nals. The remainder of this paper is organized as follows. In
Sect. 2, the proposed DBF algorithms for the array antenna
system are introduced including MRC and SMI. In Sect. 3,
issues related to designing the array antenna are discussed.
An implementation and experimental results of our proto-
type are also presented in Sect.4. Finally, conclusions are
given in Sect. 5.

2. Time-Domain Digital Beam-Forming Algorithms
In this paper, DBF algorithms that use the periodic property

of OFDM signal are proposed. Figure 1(a) and (b) illustrate
the periodic property of OFDM signal and the principle of

Copyright © 2006 The Institute of Electronics, Information and Communication Engineers
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Fig.1 (a) The periodic property of OFDM signal and (b) principal array
antenna utilizing GI.

time-domain adaptive array antenna system. OFDM signal
consists of GI with duration of T, and an effective symbol
with duration of T,. GI is copied the same waveform from
the last part of the effective symbol and is inserted ahead.

For convenience, in this paper, GI is referred to as
“HeadGTI’. The last part of the effective OFDM symbol with
duration of T, is referred to as “TailGI”.

In radio environment, OFDM signals are usually de-
structed by incoherent interferences. Also, the delayed
waves of OFDM signal might be considered as co-channel
interferences. For simplicity, we assume that only incoher-
ent interference impinges on the array antenna, i.e. OFDM
signals experience the flat fading condition.

Suppose that a linear array antenna is equipped with M
element antenna. Thus the inputs of the array antenna are
expressed as

X0 =[x x) ... xpu®]" (1)
= V,s(t) + V;i(t) + N(v)

where superscript [.]7 denotes a transpose of matrix.
s(t) and i(¢) are desired signal and incoherent interference,
respectively.
V, and V; are the array response vectors of desired signal
and incoherent interference, respectively. N(7) is AWGN
vector of array antenna.

Hence, the output of the array antenna system is calcu-
lated as follow

y(H = WIX(1)
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WAV () + WHV,i(r) + WINQ@) (2)
ags(t) + a;i(t) + n(t)

where superscript (.) denotes Hermitian.
W = [w; w ... wy]7 is coefficient vector of the array an-
tenna.
a;, = WHV, and a; = WV, are constants during one
OFDM symbol.

In [8],[9], the conventional MRC is derived directly
from the cross-correlation of inputs and output of the array
antenna as follow

Weommre = E[X(0y" ()]
= E[(Vys(t) + V;i() + N(2))
(ass(?) + a;i(t) + n()"] 3
= a,PV;+a:P;V;

where P; = E [|s())*] and P; = E [Ji(1)}].

Apparently, from Eq. (3), the array antenna utilizing the

conventional MRC combines not only the desired signal but
also the interference. Under the circumstance that the power
of interference is stronger than that of the desired signal, the
interference will be emphasized at the output of the array
antenna.
To overcome the limitation of the conventional method de-
scribed above, by utilizing HeadGI of input and feedback of
TailGI of output, the cross correlation of input and output is
derived as

ry = E[Xu@t)y; ®)]

E [(Vgsu(t) + Viip(2) + Ni(1))

(ass(t) + a;iy(t) + n,(1)"] 4
a;VE [si(t)s; (O] + a; ViE [in(t)if (1)]

where subscripts (.), and (.), denote HeadGI and TailGI of
signal, respectively.
Superscript (.)* denotes complex conjugate.

Since i(¢) is incoherent interference, the second term of
Eq. (4) can be neglected. Employing the periodic property
of OFDM signal, Eq. (4) can be expressed as follow

ry = a,PV; 4)

It is worth noting that in case that the delayed wave ex-
ceeding GI duration impinges on the array antenna, Eq. (5)
can be straightforwardly derived, too.

2.1 Maximum Ratio Combining (MRC)

As expressed in Eq. (5), the cross correlation of HeadGI of
inputs and TailGI of output obviously presents the informa-
tion of AOA of desired signal without the prior necessity of
the reference signals. Therefore, the coefficient vector of the
array antenna using MRC algorithm is derived as

Wure = normalize (rxy) (6)
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2.2 Sampled Matrix Inversion (SMI)

We assume that a reference signal is r(¢). The error signal is
given by

e(t) = r(r) - WIX(1) (7

MSE (Mean Square Error) between the output of the
array antenna and the reference signal is given as follows

MSE = E [l ] = E [Irt) - W/X(0)P] ®)

Coeflicients are adjusted such that MSE (Mean Square
Error) between the output of the array antenna and the refer-
ence signal is minimized. Optimum coefficients are derived
from the well-known Wiener-Hoff equation

Wy = normalize (R;; rxy) )]

where R, = F [XhXZI ] is auto correlation matrix of inputs.
In real applications, R, is obtained by a simple averaging
scheme [10].

3. Joint Hardware-Software Solution of Adaptive Ar-
ray Antenna

In this section, the solution to implement the array antenna
is discussed as it is approached from the viewpoint of hard-
ware design. Figure 2 illustrates a block diagram of the ar-
ray antenna concatenating with OFDM demodulator. DBF
algorithm to generate the coefficients of the array antenna is
executed prior to FFT. The output of the array antenna is fed
to OFDM demodulation to retrieve the transmitted data.

The main goals of our solution are not only to achieve
the improvement in the quality of reception but also to sim-
plify the design task. Hence, it is expected to realize array
antenna system of which operation is relatively independent
of the operation of OFDM demodulator. This approach also
ensures the success of modification and development in fu-
ture.

To implement the array antenna, several issues arise as
follows:

o The issues of realizing DBF algorithms by hardware:
due to the nature of wireless transmission, RF (radio
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Fig.2  Block diagram of OFDM reception.
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frequency) error and sampling rate error are inherently
unavoidable. These greatly impact on the performance
of the array antenna and are in urgent need to compen-
sate. The compensation of RF error and sampling rate
error is discussed thoroughly in Sect. 3.1.

e Joint hardware-software (HW-SW) solution to imple-
ment array antenna system: Our target is to provide an
easily debugged and flexible platform. We choose joint
HW-SW approach to architect the array antenna. Pre-
fixed functions of array antenna, such as signal com-
bining, timing control, memory access control, I/O etc.
are provided by HW side. Meanwhile, SW side exe-
cutes DBF algorithms. The discussion related to joint
HW-SW solution is given in Sect. 3.2.

3.1 Issues of Realizing DBF Algorithm by Hardware

In this subsection, the issues related to realizing the adaptive
array antenna system will be discussed as follows:

e Compensation of RF error.
e Compensation of sampling rate error.

o The operation mode of ISDB-T and timing control to
function the array antenna.

These problems would be considered as general prob-
lems to be solved when implementing time-domain DBF al-
gorithm for OFDM reception.

3.1.1 Compensation of RF Error

As mentioned above, RF error between a transmitter and a
receiver inherently exists in a wireless communication sys-
tem. With the present of RF error, Eq. (5) is rewritten as
follows

rxy = E[Xh(t)yj(t)]

a;VE [sy(1)s; (1)] (10)
= a’gPXVxejd"(’)

where ¢(t) = 2aT,Afrr(t)
A frr(t) is RF error between transmitter and receiver.

As shown in Eq. (10), the cross correlation of HeadGI
and TailGI of OFDM signals is affected by RF error. If RF
error exists, time-domain OFDM signal rotates in time, i.e.
TailGI, which should match HeadGI, has a phase shift from
HeadGlI. It causes the rotation of the coefficients of the ar-
ray antenna. In other words, without compensating RF er-
ror, the coefficients of array antenna still vary in time, even
though the array antenna experiences the stationary condi-
tion. Therefore, RF error must be compensated to enhance
the stability of the reception.

RF error estimation, also referred as a “frequency off-
set” estimation in the literature, is thoroughly discussed
in [14], [15]. In our design, based on [15], RF error and
the starting point of FFT window are jointly estimated at
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the synchronization block and are fed back to array antenna.
The output of the array antenna y(¢) is fed into OFDM de-
modulation. Thus RF error is derived as follow

¢(1) = arg {E [yx(n)y; (D]} (1)

The value of ¢/#? is estimated at OFDM demodula-
tion. By multiplying TailGI of the output with the conjugate
of the estimated e/, RF error expressed in Eq. (11) will be
compensated.

3.1.2  Compensation of Sampling Rate Error

As RF error, the error of sampling rate between a transmit-
ter and a receiver is unavoidable in a wireless communica-
tion system. Decimation/interpolation is a digitally timing-
adjustment process on the received signal and is covered ex-
tensively in the literature [16], [17], and [20]. Moreover, in
our system, the sampling rate of received OFDM signals is
always slightly higher than that of transmitted signals. The
purpose of that is to simplify the time-adjustment process,
only interpolation process is necessary to compensate sam-
pling rate error.

Figure 3(a) illustrates an impact of sampling rate error
on a sampled TailGI. Due to the drifting of sampling po-
sitions of TailGI, the samples of TailGI do not remain pre-
cisely. Therefore, it obviously deteriorates the cross correla-
tion between HeadGI of the inputs and TailGI of the output.
The block diagram of the compensation of sampling rate er-
ror is given in Fig.3(b). This error is estimated in OFDM
demodulation and accumulated on each OFDM symbol to

Effective OFDM Symbol
Sampled T Sampled

e

;lcadGI TailGI

a T/ .
i > :Driftingdue to

e sampling rate error

(a)

Starting point —,]

Sampling

Sampling
e rate error [~ LUT

rate error

Operation

mode

Interpolation

13-tap Polyphase FIR
TailGI

Interpolated TailGI

(b)

Fig.3  (a) Impact of sampling rate error and (b) block diagram of the
compensation of sampling rate error.
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measure the exact duration 7,. TailGI is then fed to a 13-
tap polyphase FIR to eliminate the impact of sampling rate
error. The coefficients of 13-tap FIR are determined by the
value of the effective symbol duration 7, using LUT method
(Look-Up Table).

In addition to these issues mentioned in subsections
above, the information of the operation mode of ISDB-T and
the synchronization of OFDM symbols are also required to
function DBF algorithms. In our design, solutions of RF er-
ror and sampling rate error have been solved and are built-in
functions of OFDM demodulation [18], [19]. The estimated
values of RF error and sampling rate error generated from
OFDM demodulation are simply fed back to the array an-
tenna. Again, this method is applied to deliver the operation
mode and the synchronization of OFDM symbols to the ar-
ray antenna.

3.2 Joint Hardware-Software Solution for Array Antenna
System

Nowadays, FPGAs offer millions of gate densities and giga-
bit per second interface speeds. Although FPGAs are versa-
tile and universal, their low-level programming is ill-suited
to efficiently and quickly implementing complex tasks. On
the other hand, because of the evolution of the modern com-
pilers, DSPs are extremely flexible and easy to program with
high-level languages, such as C/C++. However, they still
cannot deliver the sheer computation load compared to FP-
GAs presently. Therefore, the joint HW-SW approach is
certainly a natural solution capable of providing a robust
and yet simply debugged platform to implement the array
antenna. Figure 4 illustrates the functional block diagram
of the array antenna, which compromises of HW and SW
components. The HW side consists of prefixed functions of
the array antenna including four multiplications and a com-
bination of four-element array antenna. It also takes respon-
sibility for accessing memory, timing in the SW side, and
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Fig.4  Functional block diagram of joint HW-SW solution for array an-
tenna.
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I/O etc. Meanwhile, the SW side deliver the flexible func-
tions corresponding to DBF algorithms in C programming
language.

In detail, signals coming from 4-element array antenna
are firstly analog-to-digital converted. Using the informa-
tion of the starting point of OFDM symbol provided by
OFDM demodulation, samples of HeadGI of the inputs and
TailGI of the output are extracted and are stored into mem-
ory. The compensations of RF error and sampling rate error
are conducted in the HW side as given in Sect. 3.1. The HW
side also generates timing control signals to the SW side
to trigger CPU. Then, the coefficients generated by the SW
side are used to combine 4 branches of the array antenna. In
the SW side, two banks of block memory storing samples of
two successive OFDM symbols directly link to CPU. Using
these samples, CPU performs DBF algorithm to generate
the coefficients. They are stored back into the correspond-
ing bank of memory and are delivered to the HW side at the
starting

Figure 5(a) and (b) show the interface and the timing
diagram of our HW-SW solution, respectively. As men-
tioned above, two banks of memory in the SW side are used
to realize real-time operation of the array antenna. The op-
eration of CPU is controlled by the HW side via 2 pairs of
REQ/ACK (request/acknowledge) signals corresponding to
two banks of memory. As illustrated in Fig. 5(b), samples

HW Sw
~—
data bus Bank0
S e T
Bank1
control signals
bk0_req ' bkO0_req
bk0_ack bkO_ack CPU|
bk1_req bkl _req
bk1_ack A bk1_ack
(a)

OFDM symbol length
— gy

7 rRead & Write
to Bank #0

Read & Write
to Bank #1

Read & Write
to Bank #0

to Bank #1

Initial data
and reset

bki_ack |

(b)

Fig.5 (a) HW-SW interface and (b) timing diagram of array antenna.
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are firstly stored to bank#0. Then, REQ signal coming from
HW side indicates the availability of data and triggers CPU.
Simultaneously, samples of next OFDM symbol are stored
to bank#1. After calculating the coefficients, CPU sends
ACK signal to the HW side and delivers the updated coeffi-
cients back into corresponding bank of memory. These co-
efficients are used by the array antenna in next symbol. Note
that the process of computing coefficients with one memory
bank and the process of sampling and storing data to the
other are simultaneous.

The operation of CPU during one OFDM symbol’s du-
ration is denoted in Fig. 6. REQ signal is used to trigger the
operation of CPU via interrupting services. The updated co-
efficients are then stabilized to avoid sudden changes caused
by incidently strong interferences. ACK signal is used by
HW side to control the process of updating the coefficients.

In our platform, CPU and HW side use different clock
sources. Thus, it is important to synchronize the operation
of CPU and HW side. Computation times of DBF algo-
rithms are carefully measured and are shown in Table 1.
In fact, computation times corresponding to MRC and SMI
are approximately 10% and 20% of OFDM symbol’s dura-
tion, respectively. Because the process of accessing memory
and storing the coefficients only occupies small amount of
time, total time duration to update the coefficients is cer-
tainly shorter than one OFDM symbol’s duration. The co-
efficients are always available in the corresponding mem-
ory bank for the successive OFDM symbol. point of next
OFDM symbol.

/Mnitialize
w(0)=[1,0,0,0]"

//Select memory
*int32 band_sel( int32 bankO[],
int32 bank1[] );

DBF
selection

Y \ 4

MRC(int32 * ) SMI(int32 * )

Average & stabilize

Normalize

ACK
Fig.6  Operation of CPU.
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Table1  Computation time of DBF algorithms.
Algorithms | Computation time
MRC 120 s
SMI 260 us

4. Hardware Implementation and Experimental Re-
sults

Coware Signal Processing Worksystem (SPW) is used as a
developing EDA tool. SPW provides a flexible visualization
environment with block-oriented design. More importantly,
its ability to co-simulate multiple languages such as VHDL,
Verilog HDL as well as C/C++ is one of the key features to
create an extremely powerful tool covering a workflow from
a system-level design to an implementation and verification
by hardware. Therefore, it is possible to implement our sys-
tem in a single design workbench and to verify its operation
in co-simulating environment straightforwardly.

To implement the array antenna system in hardware,
HDL code is synthesized by SPW and imported into FPGA
Xilinx Virtex-II Pro board. An embedded IBM PowerPC
microprocessor in this FPGA board is used to execute DBF
algorithms in C programming language. Therefore we can
take advantage of the highest performance from both FPGA
and PowerPC core. Since clocks of FPGA and PowerPC
core are 65 MHz and 260 MHz, respectively, the operation
of FPGA and this core must be synchronized. In order to
decouple the 65 MHz system with CPU, two banks of mem-
ory are utilized. In addition, the operation of CPU is trig-
gered by a semaphore bit generated in FPGA. Two-pairs
of REQ/ACK are also used as handshake signals between
FPGA and CPU.

Table 2 and Fig.7 show the specification and photo-
graph of the prototype, respectively. We conducted sev-
eral experiments to verify and evaluate the performance of
our system. Table 3 summarizes the conditions of exper-
iments and Fig. 8 shows the block diagram of the experi-
ment system. Fading simulator is used to generate delayed
waves. Note that noise generator is not used in these exper-
iments. However, because of the limitation of fading sim-
ulator, each branch of the array antenna inherently contains
AWGN noise with SNR (Signal-to-Noise ratio) of roughly
30dB. Each delayed wave is associated with a phase rota-
tion corresponding to its AOA. In next subsections, beam-
patterns of the proposed system are measured. Experimental
results in different wireless environments are also disclosed
in [11]-[13], in which the proposed MRC is referred to as
ABF (Array Beam-forming) algorithm.

4.1 To Verify the Proposed DBF Algorithms

In this subsection, the operation of the array antenna is ver-
ified. The multipath environment for this experiment is
shown in Table 4. Since we proposed and implemented
a class of time-domain beam-forming algorithms, beam-
patterns of MRC and SMI can be used to verify the oper-
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Table 2 Specification of the prototype.
Channel 4
ADC Resolusion 10 bit
Array Sampling rate | 32MHz
Antenna
FPGA | Xilinx Virtex-II Pro VP70,
VP20
CPU PowerPC405 260 MHz

OFDM FPGA Xilinx Virtex-IT 4000x2,
Demod. V3000

Fig.7  Prototype of the array antenna.

Table3  Experimental conditions.
4-element linear array with equal space
Array Antenna element Isotropic
Antenna | Distant 0.2662m
DTV28CH Mode3
Frequency 563.143 MHz
ISDB-T | Number of subcarrier 5617
Effective duration 7, 1008 us
Gl duration Ty =T, /8 | 126pus
Modulation scheme 64QAM
-
ISDB-T Fading [~ Prototype of OFDM
Transmitter Simulator |—p»| Array Ant. Demodulation
— Y
BER

Fig.8 Block diagram of the experiment system.

Table 4  Multipath environment to verify the operation of the array an-
tenna.
Wave | Angle of Arrival | Delay spread Power
1| -30° 0 pus 0dB

2| 15° 141.75 us (9T,4/8) 0dB

ation of the developed array antenna.
Using this condition, we generate beam-patterns of
MRC and SMI algorithms. Moreover, to compare the per-
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Fig.9 Beam-patterns of the proposed (a) MRC and (b) SMI algorithms.

Table 5  Radio environment I.
Wave | Angle of arrival | Delay spread
1 -30° Opus
2 15° 21 us (T4/6), 147 us (7T,/6)

formance of DBF algorithm, we also conduct a simulation
in the same multipath environment to measure the beam-
pattern in the ideal condition. Beam-patterns of the pro-
posed MRC and SMI are illustrated in Fig. 9(a) and (b), re-
spectively. In the proposed MRC case, beam-patterns gener-
ated by simulation and experiment are matching. Moreover,
the desired wave are emphasized by the array antenna. In
the proposed SMI case, null positions generated by simu-
lation and experiment are slightly mismatched. There are
many factors that impact on the performance of the array
antenna, such as RF error and sampling error. The starting
point of the FFT window, which is a feedback from OFDM
demodulation, might be slightly misadjusted. However, the
delayed wave is suppressed by about 25 dB at the output of
the array antenna.

4.2  2-Arrival Wave Environment

In this subsection, BER performance of our system in 2-
arrival wave environment is measured. Moreover, BER per-
formance of the conventional MRC algorithm is measured
to compare. Table 5 and Fig. 10 show details on the radio
environment in which delay time of second wave is changed
to evaluate the performance of our system.
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Fig.12  BER evaluation in radio environment I with Delay=147 us.

To compare the BER performance of the conventional
MRC and the proposed MRC, as shown in Fig.11 and
Fig. 12, the proposed MRC outperforms the conventional
MRC as the value of DUR decreases. Notably, the BER
performance of the proposed MRC is almost unchanged in
case of a small delay time as shown in Fig. 11. Moreover,
in case that the delay time exceeds GI duration as illustrated
in Fig. 12, OFDM system is still able to capture the desired
signal in the region of small DUR. In case of the proposed
MRC, only part of delayed wave can contribute to the cross-
correlation between HeadGI of inputs and TailGI of output
as illustrated in Fig. 10. The impact of the delayed wave thus
varies upon the position of samples of HeadGI and TailGI
and its delay time. On the other hand, the conventional MRC
can not distinguish between the direct wave and the delayed
wave as the value of DUR decreases. As a result, the per-
formance of the proposed MRC is improved compared with
that of the convention MRC.

The BER performance of the proposed SMI is also
measured in this radio environment. As shown in Fig. 11
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Table 6 Radio environment II.
Wave | Type of signal | Angle of arrival
1 Digital TV —45°
2 Analog TV 0°
LE-01
—&— |-ant
1.E-02 £ —&— Proposed MRC H
—ll- Proposed SMI
x LEO4
) L \\‘\\“
1.E-06

s
1LE-07
LE08 L R

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
DUR [dB]

Fig.13  BER evaluation in radio environment II.

and Fig. 12, the performance of the proposed SMI is not af-
fected by the delayed wave. In other words, the proposed
SMI is capable of suppressing the delayed wave. Thus, our
proposed method of using GI and the periodic property of
OFDM signal can improve the performance of the reception
in this radio environment.

4.3 Co-channel Interference Environment

Next, we examine the performance in the radio environment
with co-channel interferences. Table 6 presents the condi-
tion of the radio environment, in which analog TV signal oc-
cupies the same bandwidth with digital TV signal and can be
considered as a strong incoherence interference. Figure 13
shows BER performance of the proposed MRC and SMI.
The evaluation is also accompanied by BER performance
of one element antenna. It is indicated that SMI algorithm
outperforms MRC algorithm in term of suppressing the in-
coherent interferences.

In addition, the spectrum of ISDB-T signals is probed
at OFDM demodulation in order to illustrate the perfor-
mance of our proposed system. ISDB-T signal is destruc-
ted by analog TV signal with DUR of 0dB. Figure 14(a),
(b) and (c) show the spectrum of ISDB-T signals with one-
element antenna, and with the proposed MRC and SMI, re-
spectively. In Fig. 14(b) the appearance of analog TV signal
is clearly noticeable. Meanwhile, in Fig. 14(c) the peaks of
analog TV spectrum are successfully suppressed.

5. Conclusions

In this paper, the joint HW-SW solution to realize two DBF
algorithms as MRC and SMI is proposed. The proposed
solution streamlines the flow from a system-level design
to hardware implementation. We have successfully imple-
mented our system in hardware. Experimental results are
conducted and are shown that the proposed MRC achieves
excellent performance even in the radio environment where
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Fig.14  Spectrums of ISDB-T signal measured at OFDM demodulation
with analog TV as interference (DUR=0dB).

value of DUR is small in comparison with the conventional
MRC. Moreover, the performance of the proposed MRC is
drastically improved in the radio environment in which mul-
tipath delay exceeds GI duration. It is also shown that the
proposed SMI is capable of suppressing the strong interfer-
ences.
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In future, we plan to evaluate and verify the perfor-
mance of the proposed system in different radio environ-
ments. In addition, a methodology to automatically select
the DBF algorithm suitable for each individual radio envi-
ronment is also a subject of future study.
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