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Abstract. An OFDM system is very sensitive to orthogonality relation. For
a mobile wireless system, it is impossible to avoid Doppler-induced
inter carrier interference (ICI). Moreover, while beyond guard interval
delayed signal exists in channel, the delay-induced ICI and inter symbol
interference (ISI) will occur. Although a conventional carrier diversity
(CD) receiver can render the OFDM system less sensitive to the white-
noise-likely ICI, but it requires significant channel knowledge. On the
other hand, a pre-FFT adaptive array (AA) receiver can improve the
instantaneous signal to interference-and-noise ratio (SINR) at the input
of FFT. In this paper, a hybrid AA/CD two layers receiver is
investigated not only on a tradeoff between high performance and low
complexity, but also into a method for both ISI and ICI suppression.
Simulation results show that a suitable combination of pre-FFT AA and
post-FFT CD can provide good performance by comparison with
conventional OFDM receiver in mobile wireless channel, especially,
while IST and ICT occur at the same time.
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1 Introduction

An orthogonal frequency division multiplexing (OFDM) is adopted as a modulation
method for wireless communication system because it is robust to frequency selective
fading due to the using of guard interval (GI) [1]. However, while the beyond GI
delayed signal exists, not only inter-symbol interference (ISI) but also inter-carrier
interference (delay-ICI, namely) occurs. In mobile application, a Doppler spread
results in inter-carrier interference (Doppler-ICI, to distinguish from delay-ICI) [2].
Since these effects degrade the OFDM signal, it is a severe challenge to increase the
system performance and the accuracy of channel estimation. As well known, an
OFDM system is very sensitive to the quality of channel estimation, and apart from
the FFT, which is the most complex unit of the receiver [3]. In [4]-[6], a post-FFT
carrier diversity (CD) combiner and a post-FFT adaptive array (AA) for interference
and noise suppression have been proposed. Although the proposed post-FFT CD and



AA type combiners can optimize signal-to-interference-and-noise (SINR), it is costly
to implement such a multi-antenna-multi-FFT receiver. In [7], a pre-FFT adaptive
array (AA) was proposed for suppressing the beyond GI delayed signal based on the
maximized SINR and the minimum mean square error (MMSE) criteria in time
domain, and authors gave the optimum array weights. Otherwise, only one-FFT-one-
branch was considered as the receiver in [7].

In this paper, a hybrid time-domain AA and frequency-domain CD two-layer
multi-antenna receiver is proposed for a tradeoff between high-performance and low-
complexity. Benefiting by the AA layer, the hybrid receiver can halve the number of
CD branches, and improve the channel estimation quality through the depressing of
maximum excess delay (7,...) [9]. The proposed AA/CD receiver is studied based on
the AA criteria of maxi-ratio combining (MRC) and MMSE [8], while the CD
combiner exploits MRC and equal gain combining (EGC) schemes. Therefore, total
four approaches of the hybrid receiver are studied by focusing on vehicle mobile
multi-path application.

This paper is organized as follows. Section II introduces the proposed hybrid
AA/CD receiver. Section III discusses the approach of AA/CD combination for ISI
and ICI suppression. Section IV presents the performance of the proposed receiver as
compared to a conventional CD receiver by computer simulation. Conclusion is given
in section V.

2 Hybrid AA/CD Receiver
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Fig. 1. Diagram block of the hybrid adaptive array and carrier diversity two layers receiver

The proposed hybrid AA/CD receiver is structured on two layers of time-domain AA
and frequency-domain CD with channel estimations as shown in Fig. 1. There are B
(>1) sets of AA which consist of a number of A (>1) antennas. The B sets of AA
should be located far each other so that uncorrelated CD can be achieved. Inversely,
the elements among each AA set must be configured close enough, hence strong
correlation AA combining can be easily provided. Here, we consider an OFDM



system using an inverse fast Fourier transform (IFFT) of length N with subcarrier
spacing fy. By defining the sampling duration as (7,=1/Nf,) and the length of guard
interval (GI) as G=N/8 samples, then the length of resulting baseband OFDM symbol
is (N;=G+N) or (T;=T,+T) in time. The Gl is a copy from the last part of the effective
symbol. Throughout this paper, the added GI is referred to as “h-GI,” the original part
is distinguished as “t-GI.”

Assuming that at least one beyond GI delayed signal exits in the multipath channel
excepting the synchronizing desired one. The receiver input signal of /™ sampling
during the m™ OFDM symbol at a™ element can be written as

+oo N-—1

r,(m,i)= Z Zdn,keﬂ”kf"{(’"’”)r‘m‘}ha (m,i,n,k)+n, (i) . (1)

n=—oo k=0
where d, is the data symbol modulating the k™ tone during the n™ OFDM symbol.

h,(m,i,n k) is the multipath channel impulse response (CIR) by taking the transmission
filter into account. n,(i) is additive white Gaussian noise (AWGN).

2.1 Time-domain Adaptive Array (AA)
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Fig. 2. Two types of OFDM receiver

A multi-antenna adaptive array (AA) can improve the SINR by the performing of
spatial filtering to desired/undesired path-signal in time domain. Moreover, in an
OFDM system, this can increase the accuracy of the channel estimation after FFT, so
a more effective channel equalization (EQ) is available. In addition, since each
OFDM symbol only needs one weighted vector {w,?)}, the AA is an attractive
solution due to low computation complexity. However, a high correlation between the
antenna signals is preferred. Fig. 2 (a) shows the AA structure.



Two AA algorithms are used, the one is maximizing ratio combining (MRC)
algorithm, which exploits the #-GI and #-GI of the same OFDM symbol [8] [10]. The
other one is the sample matrix inversion (SMI), which is based on MMSE criteria. By
defining the weight vector of the A elements array as

W=[W1,W2,...,WA]T. 2)

and the (A x N,) received signal vector is expressed as

r() =[5 (D)5 (Dsenr D] L (-G<i<N). 3)

The combining output of AA can be written as
y(i)=w"r. “
where above and follow, the superscripts 7, H and * denote transposing, conjugate-

transposing and conjugating operator respectively. Then, weighting vector of MRC
can be derived as

Waee =E[r, (i) v ()] 5)

where E[-] stands for expectation function, and ry(i) denotes h-GI of received signal,
v/(i) is the ¢-GI of array output. For SMI algorithm, by defining the (G x G) received
signal auto correlation matrix as

Rrr =E I:rhrlfi :| . (6)
then the weighting vector of SMI is given as
Wou =RUE[r, (1) (1] )

The inversion of autocorrelation matrix R,, performs null-steering to the interference.
As this, the SMI scheme is more effective than MRC on undesired signal suppressing.

2.2 Frequency-domain Carrier Diversity (CD)

A CD scheme utilizes a few branches of independent OFDM signal for subcarrier-by-
subcarrier diversity combining in frequency domain. It can modify the SNR on
subcarrier base after FFT. However, it requires accurate channel estimation for high
performance. As shown in Fig. 2 (b), L branches of independent post-FFT signal are
combined. The subcarrier signal from the [™ branch at the p™ tone of the m"™ OFDM
symbol can be written as



xl (m’ p) :dm,le (m’ p)+ nl (m’ p) . (8)

where n,(m, p) is additive white Gaussian noise (AWGN) from the I"™ branch. Hy(m,p)
is the channel transfer function (CTF), which is independent for different branch. d,,, ,
is the transmitted complex signal modulating the p™ tone of m™ symbol. The derived
MRC and EGC weight of the /™ branch can be written as

MRC: W, (m,p)=——"" . )

H (m,
SME w, (m, p)=  (m.p) (10)

(. p) S|, (. ) |

The data d,, , can be estimated as f/ m.p by the CD combiner

~ L
Yo, =Y w, (m, p)x (m,p). (11)

=1

It is worth noting that, the MRC diversity combining are weighted corresponding to
the instantaneous signal power of each branch, while the EGC selects equal gain
factors.

2.3 Channel Estimation

For scattered pilots based 2-dimesion (2D) channel estimation, the CTF at the pilot
d,,, can be obtained as

H, =—"". (12)

Since the performance of OFDM receiver is very sensitive to channel estimation, in
this paper, to evaluate performance, the same estimation method is used in both the
proposed hybrid and conventional receiver. 2-dimesion (2D) channel estimation based
on the scattered pilots (SPs, box with P) is separated into symbol and subcarrier
direction estimation as shown in Fig. 3. At first, the CTF of the tone with black circle
is estimated using 2-tap linear interpolation in symbol direction. Then, in subcarrier
direction, after down/up sampling by factor of 3, a 36-tap Window-sinc-filter is used
to estimate the CTF at the position with grey circle.
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Fig. 3. The scattered pilot pattern and the interpolation zone

3 The Approach of AA/CD Combination for ISI/ICI Suppression

In section 2, the two AA schemes (MRC and SMI) and the two CD combiners (MRC
and EGC) were described. Our purpose here is to find the high performance hybrid
joint of the AA and CD even in hard conditions of fading channel.

3.1 Using the AA for ISI suppression
In a multipath channel, once the beyond GI delayed signal exists, the ISIT and delay-

induced ICI will occur at the same time. After FFT-demodulating such an antenna
signal, the modified data symbol in synchronized m™ OFDM block can be written as

N-1 N-1 )

Xy (m’ p) =H (m’ p)dm.p + ZH (m’k)dm.k + ZeJZ”kﬁlTxH (m_l’k)dm—l.k : (13)
k=0 k=0
k#p

where the 1" right term is the desired contribution of data d,,, in the m™ block
transmitted over multipath. The rest two right terms are the contribution due to
beyond GI delayed path, and the 2™ right term denotes the delay-ICI that rose from
the destroyed orthogonality among tones of the m™ block, the 3" right term includes
the ISI and delay-ICI components caused by the tones in the (m-1)" block. The power
of the delay-ICI and ISI is proportional to the power of the beyond-GI path signal in a
positive factor that is less than one [11]. For combating with this, using AA to depress
the delayed path signal in time-domain is an effective method.

An 8K-point-FFT OFDM signal with GI length of (7/8) is used for computation
testing the two AA schemes (SMI and MRC). The channel with 5-path delayed signal
(arrived at 10°/0dB, 70°/3dB, 170%1dB, 270%2dB, 350°/4dB) is divided to two cases.



The one is a normal short-delay channel (notated as “S_CH”), all of the five paths
signal in which are transmitted within GI duration (at 350°/4dB with 7 =48T,/128).
The second one is a long-delay channel (notated as “L_CH”), in which one beyond-
GI delayed signal exists (at 350%4dB with t,,,, =129T,/128).
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Fig. 4. (a) The radiation pattern of two 120-degree sector-beam antennas and the beam patterns
formed by MRC/SMI adaptive array (AA); (b) the varying of channel transfer function (CTF)
versus subcarrier index in short-delay channel (“S-CH”) and long-delay channel (“L-CH”)

Fig. 4 (a) shows the radio patterns (RP) of the two 120-degree sector-beam
antennas and the array beam-pattern (BP) of them under ‘L-CH” condition. The
desired signal is at 10. Differing from the MRC, the SMI scheme AA gives the lower
relative side-lobe-level and deepest nulls toward undesired path. Fig. 4 (b) shows the
CTF varying (IHl / E[IHI]) over continual 60 subcarriers by using different AA
methods. Clearly, the SMI AA can greatly improve the dispersion in subcarrier
direction by comparison with the MRC scheme, especially, while large long delayed
signal exits (referring to condition “L-CH”). This means that, by using the SMI
scheme, not only the ISI and delay-ICI can be depressed, but also the more accurate
CTF estimation in subcarrier direction can be achieved.

3.2 Using the CD Combining for Doppler-ICI Suppression

As shown above, the AA used as spatial filter can suppress the delay-ICI and ISI
by steering the nulls toward the large delayed path signals. However, for mobile
channel, the AA receiver cannot render the OFDM signal less sensitive to Doppler
shift. In this section, the frequency domain CD combiner is investigated on Doppler-
ICI suppression. With assumption of that only Doppler effects are considered, the
FFT demodulated OFDM signal on the p™ subcarrier of m™ symbol can be written as

1 V3 T iz fp T2 =
SLLL UL T
Nsin(zf,T/N) k=0k2p

=d(m,p)[0,+11 (m,p). (14)

x, (m, p)=d(m, p)



where, [ denotes the CD branch number, fk_p are the ICI contribution coefficients from
the k™ subcarrier [12]. The term Iy impaired the desired data d(m,p) by an amplitude
reduction and phase shift due to the Doppler frequency fp,. The component I,(m,p) is
ICI, which smears the useful component d(m,p)I, with white-likely noise [13-14].

At scattered pilot (SP) positions, by using the CTF estimated from (14) and (12),
the CD weighting determined by (8) and (9) can be rewritten as w1=H1*/a, where o is
a real coefficient. Then, the CD combining output is obtained from equation (11) as

1 .
Ym,p :Z_Hl (m’p)'x/ (m’ p)

l 1

:d(msp)zoll[[ozz +5§Z’p)lmj+z : {1,('”,[7)4_1;11 (m, p)

[ ,P) [ ;/ d’ (m, p)
=d(m,p)10+1(m,p). (15)

where the term d(m,p)l, and I(m,p) are the combined useful component and ICI
component, respectively. In mobile application, since the Doppler coefficient f5,/ T of
I™ branch can be positive or negative according to the relationship between the
directions of vehicle motion and signal arriving, therefore the CD performance from
which Doppler branches will be different.
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Fig. 5. Expected average of the useful component real part Re(d(m,10)*/o) and the ICI
component magnitude |/(m,10)I at subcarrier position d(m,10) after CD combining. The
transmitted complex data sequences by the continual five OFDM symbols are randomly set as
{Id(rn,k)|<20‘5; m=1,.2,....5; k=0,1,...,63} excepting d(m,10)=1+0j. The two positions d(1,10)
and d(5,10) are the pilots. The CTFs of other three data positions (Hy 19, H3 19, Hy o) are
estimated by symbol direction linear-interpolation as shown in Fig. 3. The CD combining “2/4-
branch MRC/EGC” is performed over (a) positive random Doppler coefficient branches; (b)

positive/or negative random Doppler coefficient branches.

Assuming here, the continual five symbols of OFDM signal modulated by 64-point
FFT are received from four Doppler branches with random coefficients (fp; T, fp,T,
JfosT, fpsT). The time-variant phase is assumed to be (2zfp7/10) from one OFDM
symbol to the next. In Fig. 5, the two branches (f5;T, fp;T) CD (2-branch MRC/EGC)



and the four branches CD (4-branch MRC/ EGC ) combiners are compared with one
branch (fp;T) equalizing (1-branch EQ) on the term of useful component real part and
ICI magnitude. In Fig. 5 (a), the CD is combined with positive Doppler coefficient
{fp/T} branches. It means that only the branch signals arriving from the forward
direction of vehicle moving are combined on subcarrier basis. In Fig. 5 (b), the CD is
performed over the received signals with forward or rear arriving directions.

It is obvious that, the CD combining over only positive Doppler branches (Fig. 5 a)
shows little ICI-suppression as good as the 1-branch EQ, while the combining over
positive/negative Doppler branches (Fig. 5 b) can depress the ICI effectively (by 55%
relative to 1-branch EQ). In addition, for ICI-suppression, the MRC and EGC carrier
diversity are about the same, the 4-branch CD just gives a little improvement by
comparison with the 2-branch CD. The rest combining error is mainly due to the error
of linear interpolation CTF estimation in symbol index.

4 Computation Simulation Results
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In this section, the bit error rate (BER) performance of the proposed hybrid AA/CD
receiver is shown as compared with a conventional post-FFT CD receiver without
error correction.

The upside of Fig. 6 shows the block diagrams of the two receiver models: the
conventional CD and the hybrid AA/CD receiver. They are based on four antennas F,
F>, R; and R,. The spacing between F; and F,, R; and R, is half of the carry
wavelength, while the pair of {F;, F,} is far from the {R;, R,}. The conventional CD
receiver performs the MRC criteria (convention cd-MRC). For the hybrid receiver,



the two AA weighting sets are determined using the MRC or SMI scheme, and the
post-FFT CD performs the MRC or EGC combining. In this paper, following
notations are used to denote the hybrid configurations: “hybrid aa-SMI/cd-EGC”,
“hybrid aa-SMI/cd-MRC”, “hybrid aa-MRC/cd-EGC” and “hybrid aa-MRC/cd-
MRC”.

Since car antenna is typically mounted on windshield glass, its radiation pattern
(RP) is directionally constrained due to metal of car body. As illustrated in the south
of Fig. 6, the distorted RP of the two front antennas {F;, F,} concentrates on the
forward direction, while the two rear ones {R;, R,} focuses to the rear direction of
vehicle moving. Here, their centre directions are assumed to be (30°, 330°) and (150°,
210°), respectively, and their half-power-beam-width is the same 120-degree (see Fig.
4 a). When AA is applied, the antenna set with similar RP is chosen.

4.1 System Parameters and Channel Profile

Table I shows the simulation system parameters. Mode3 of the ISDB-T standard with
64QAM digital modulation is used. Table II summaries three channel models with
typical six path delayed signals (TU6) for the simulation. The D/U is the desired
signal (path#1) to delayed signal power ratio. In channel I an II, all of the signals
arrive within GI duration. In channel III, one beyond GI delayed signal (#6) exists.

Table 1. System parameters.

Carrier frequency I 563.143MHz (UHF-28ch)
Subcarrier spacing Fy 0.992 kHz
Number of carriers N 8192
Number of effective carriers N, 5617
Effective symbol duration T, 1008 us
Guard interval duration T, (1/8)T,
Digital modulation 64QAM
Table 2. Simulation channel.
Path D/U AOA Delay time
(dB) | (degree) | Channel-I | Channel-Il | Channel-III
#1 0 10 0.01%(Tg/8)
#2 3 90 3.0%(Tg/8)
#3 5 170 6.0%(Tg/8)
#4 1.5 190 0.5%(Tg/8)
#5 2 270 1.0%(Tg/8)
#6 4 350 3.0%(Tg/8) 5.5%(Tgl8) | 9.0%(Tg/8)




4.2 Simulation Results and Discussion

Fig. 7 shows the BER performance for mobile application in channel I under
SNR=20dB, SNR=25dB and SNR=35dB. The “aa-MRC/cd-MRC” approach of
hybrid receiver is shown as compared to the conventional CD receiver. Since the
correlation between antenna signals is low (due to the distorted RP as shown in
Fig.6), the performance of AA is weakened but the CD is enhanced, therefore the
conventional cd-MRC shows a better performance on noise and Doppler-ICI
suppressing through the two more CD branches as shown in Fig. 7.
Channel II and III are set as a low AWGN channel with SNR=35dB. Figs. 8 and 9

show the BER versus maximum Doppler shifts for the four approaches of hybrid
AA/CD receiver in channel II and III, respectively.
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In Fig. 8, when channel is fast fading (fpoppir=40H7), the four types of hybrid
AA/CD receiver show the similar robustness to Doppler shifts. Otherwise, when the
channel is slow fading, the aa-SMI/cd-EGC and the aa-SMI/cd-MRC methods can
improve the performance of hybrid receiver significantly. This is because the SMI AA
performs both the beam forming and null steering to suppress undesired signals. The
conventional cd-MRC receiver shows a little more robustness to Doppler than the
hybrid one due to ICI-suppression benefiting by the two more CD branches.

In Fig. 9, since a beyond GI delayed signal exists in channel III, a significant
degradation of the BER performance occurred for the conventional CD receiver and
the hybrid AA/CD receiver with MRC AA scheme. This degradation is caused by ISI
and delay-ICI. However, the aa-SMI/cd-EGC and aa-SMI/cd-MRC methods of the
hybrid receiver show good performance. This is because the beyond GI delayed signal
is suppressed effectively by the SMI AA.
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—&— hybrid: aa-MRC/ cd-MRC [
—&— hybrid: aa-MRC / cd-EGC
—A— hybrid: aa-SMI / c¢d-MRC %
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1.E-01

Maximum Doppler Frequency (Hz)

Fig. 9. BER versus maximum Doppler shift in Channel-III with one beyond GI delayed signal
for SNR=35dB

5 Conclusion

It is a severe challenge to implement a conventional antenna-branch based post-FFT
subcarrier diversity (CD) receiver in reasons of the system cost and the achievable
accuracy of channel estimation while the ISI and ICI occur. On the other hand, a pre-
FFT adaptive array (AA) OFDM receiver can depress the ISI and long-delay-induced
ICI in time domain, and reduce the number of the required FFT and estimators.

In this paper, a hybrid AA/CD two layers receiver, which can halve the number of
CD branches by comparison with the conventional post-FFT CD receiver, is proposed
and analyzed. For a good tradeoff between high performance and low complexity,
joint the AA scheme of MRC (/or SMI) and the CD combiners of MRC (/for EGC),
total four approaches of the hybrid receiver are studied for ISI and ICI suppression by



computer simulation. Although the conventional CD receiver suffers large and
beyond-GI delayed multi-path condition, a hybrid AA/CD receiver with SMI AA
scheme shows a little performance degradation. This approach can effectively
increase the accuracy of CTF estimating in subcarrier axis through suppressing the
large delayed path signals, thereby increasing the CD performance in mobile multi-
path channel by comparison with other receivers, especially at relatively low fpT.
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