A Pre-FFT OFDM Adaptive Antenna Array with Eigenvector Combining
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Abstract— This paper proposes a hovel pre-FFT type OFDM
adaptive array antenna called “Eigenvector Combining.” The
eigenvector combining isarealization of a post-FFT type OFDM
adaptive array antenna through a pre-FFT signal processing,
so it can achieve excellent performance with less computational
complexity and shorter training symbols. Numerical results
demonstrate that the proposed eigenvector combining shows ex-
cellent bit error rate performance close to the lower bound just
with two training symbols.

|. INTRODUCTION

Orthogona frequency division multiplexing (OFDM),
which isa pre-distortion or an equalization technique at trans-
mit sideinasense, is an efficient technique for high-speed dig-
ital transmission over severe multipath fading channels[1], and
recently has been considered to be a promising technique for
next generation mobile communications systems2]. OFDM
scheme inserts a guard interval in every OFDM symbol so as
to be robust to delayed signals within the guard interval, how-
ever, once delayed signals beyond the guard interval (namely,
co-channel interfering signals) are introduced in a channel
with larger delay spread, inter-symbol (co-channel) interfer-
ence causes a severe degradation in the transmission perfor-
mance.

To maintain high-speed reliable wireless communications
systems, the use of multiple antennas at receive side has been
considered as an effective tool not only for gain enhance-
ment, increased spectral efficiency[3] but also for interfer-
ence suppression[4]. Although a post-fast Fourier transform
(FFT) subcarrier-by-subcarrier combining OFDM adaptive ar-
ray antenna is optimum in terms of maximizing signal-to-
interference-and-noise power ratio (SNR), it requires the in-
creased number of FFT processors and heavy computations,
which increase with the number of antennas and subcarriers,
and a quite long training signal[5]. On the other hand, a pre-
FFT type OFDM adaptive array antenna, which requires only
one FFT processor, can drastically reduce the computational
complexity by tolerating some performance degradation[6],
[71.

This paper proposes a novel pre-FFT type OFDM adap-
tive array antenna called “Eigenvector Combining[8].” The
eigenvector combining is a redization of a post-FFT type
OFDM adaptive array antenna through a pre-FFT signal pro-
cessing[9], so it has the characteristics of the two types of the
array antennas, namely, excellent performance inherent in the
post-FFT type and less computational complexity and shorter
training symbols proper to the pre-FFT type.
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Fig. 1. OFDM adaptive array antennas.
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Il. SYSTEM MODEL

Figures 1 (a) and (b) shows the block diagrams of a post-
FFT type OFDM adaptive array antenna and a pre-FFT type
OFDM adaptive array antenna, respectively. Each antennais
equipped with N antenna elements.

Figure 2 shows a signal burst format. The signal burst is
composed of preamble and payload. The preamble is com-
posed of N, training OFDM symbols and Np data OFDM
symbols, and one OFDM symbol is composed of L, sample-
long cyclic prefix and L,, sample-long useful symbol.

I1l. PROS AND CONS OF PRE- AND POST-FFT TYPE
ARRAY ANTENNAS

First, let us pay attention to the post-FFT array antenna as
shown in Fig.1 (a). The received signal vector r (N x 1) is
composed of the desired signal vector x (IV x 1), theinterfering
signal vector i (IV x 1) and the noise vector n (N x 1):

r=x+i+n. (€N}

X, 1 and n are mutually uncorrelated:
[ (), -, rn (D], )
[21(D), -,z (D], ®)
i= [, v, (4)
[ (1), an (D], ©)
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Fig. 3. BER of post- and pre-FFT type array antennas.

where T and | denote transpose and sampling index, respec-
tively.
Define z™ as the FFT output vector (V' x 1) for the m-th

subcarrier:
z™ = [27"(I), -, 2p (D] (6)

The weight control criterion for the post-FFT array antennais
given by

minimize E [[p™(I) — w™#z™*] (m=1,---,M), (7)
where E[-] denotes expectation, H denotes Hermitian trans-
pose, M is the number of subcarriers, p™(l) is the training
symbol at the m-th subcarrier and w™ isthe array weight vec-
tor (N x 1):

w = [w;n(l)a T 7wx(l)]T' (8)
Equation (7) can be solved by well known adaptive algorithms.
However, the conventional algorithms require at least several
tens of symbolsfor good convergence, in other words, they re-
quire several tens of training OFDM symbols in the preamble
(notethat onetraining OFDM symbol givesonly onereference
point at each subcarrier).

Figure 3 shows the BER (Bit Error Rate) of a post-FFT
type array antenna (with A/ = 52, Np = 10, L, = 16 and
L, = 64) for the case of three desired signals and oneinterfer-
ing signal (see the spatio-temporal model in the same figure,
or see Section VII). Here, the Sample Matrix Inversion (SMI)
algorithm is used for array weight calculation[4], so the com-
putational complexity is O(N? x (Ly + L,)* x M). When
setting N,, = 2, the BER is poor, on the other hand, when set-
ting N,, = 20, the BER is excellent, but the burst efficiency is
0.33 (=10/(20+10)).

Next, let us pay attention to the pre-FFT array antenna as
shown in Fig.1 (b). The pre-FFT type weight control is based
on not OFDM symbol but sample-driven algorithm, so two
OFDM symbol-long preamble (N, = 2, N, x (Lp + L) =
160 samples) is long enough to get good convergence. Figure
3 also showsthe BER of apre-FFT array antenna (see Section

IV for the detail algorithm). Here, the SMI algorithm is used
for array weight calculation, so the computational complexity
iSO(NJ x (Ly+ L.,)*). As compared with the post-FFT array
antenna with the same preamble length, the pre-FFT type can
achieve a much better BER performance, wheresas its perfor-
manceis till inferior to that of the post-FFT type with enough
preamble length. Therefore, akey issuein the paper is how to
make the performance of a pre-FFT array antenna be close
to that of the post-FFT array antenna, keeping the shorter
preamble length and the less computational complexity.

IV. PRINCIPLE OF PRE-FFT TYPE ARRAY ANTENNA

Define the OFDM signal vector (L, x 1) and the channel
impulse response vector (L, x 1) at the n-th antenna element
as

S =

h, =

[5(1)7"',5(_Lg)]T, (9)
[hnla Tty hnLg]T7 (lo)
where s(I) is the transmitted OFDM signal sampled at the -

th sampling instant. In addition, define the channel impulse
response matrix (N x L) as

H = [hy,---,hy]". (11
With Egs.(9) and (11), x iswritten as
r = Hs. (12
The FFT input iswritten as
y=whr, (13)
where w isthe array weight vector (N x 1):
w = [wy,---,wn]T. (14)
The SINR of the FFT input can be calculated ag[ 7]
SINR = % (15)

C, and C,... arethe correlation matrices (N x N) of the de-
sired signal and the received signal:

C. = E[xx"]=E[Hss"H"]=¢?HH"Y, (16)
Cree = E[I’I‘H], (17)

where o2 is the average power of the OFDM signal. For
derivation of EQ.(16), the following important property of
OFDM signal is used:
E[ssf] = O'?ILg, (18)
where I istheidentity matrix (L, x L,).
The weight control criterion for the pre-FFT array antenna:

H
maximize SINR = — Cow (19)
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leads to the solution of the following generalized eigenvalue
problem:

which satisfies

Arna.r CT@CW’

find w

C,w = (20)
where \,,.. isthefirst largest generalized eigenvalue. When
setting the array weights so as to satisfy Eq.(20), the largest
SINR given by A,,.. isredizable at the FFT input.

V. EIGENVECTOR COMBINING

When the angle spread of received signalsis small enough,
thefirst largest generalized eigenvalue is dominant, so the pre-
FFT array antenna can utilize almost all part of the received
signal power. In this case, there is no problem with the pre-
FFT array antenna. However, when the angle spread becomes
large, the other el genval ues such asthe second and third largest
ones become larger (namely, their values become comparable
with the value of the first largest one), so the pre-FFT array
antenna shows a power utilization inefficiency in the transmis-
sion performance. Utilization of the array weights associated
with the other larger eigenvalues canimprovethetransmission
performance. Thisisthe principle of the eigenvector combin-
ing.

Equation (20) can be rewritten as

Czwk :Akcrecwk (k: 17"'7K)7 (21)
where there are assumed to be K non-zero generalized eigen-
values in the decreasing order, namely, A1 = Az > Ao >
K

Figure 4 (a) showsthe structure of the proposed pre-FFT ar-
ray antenna with eigenvector combining, which virtually has
K sets of pre-FFT array antennas. The SNR of the k-th pre-
FFT array antennais given by A\, where the power of interfer-
ing signals can be well suppressed. Therefore, the K signals

after being combined with aset of wy, (kK = 1,---,K) are
coherently combined on subcarrier-by-subcarrier basis (also
after FFT operation) in a maximum ratio combining (MRC)
manner. Note that to perform the MRC properly, alinear con-
straint needs to be imposed to Eq.(21):

subjectto |wy| = 1. (22)

The signal combined by w, at the k-th virtual array branch
iswritten as

ye() =wir(l) (I=Lgy,--,Ly+ Ly) (23)

and the FFT input vector (L, x 1) at the k-th virtual branchis
written as

vi = [ye(Ly), -, ye(Ly + L))"
= (WH(Ly), v (Ly + L))

= (wHR)", (24)
where R isthe received signal matrix (N x L,).

Dennlng dm™ = [1, e—]Qﬂ'm/Lu e e—]QW(Lu—l)m/Lu]T as
the L, -point FFT vector (L, x 1) for the m-th frequency (sub-
carrier) component, the m-th subcarrier output at the k-th vir-
tual array branch can be written as

2t =yrd™. (25)

On the other hand, the complex envelope for the m-th subcar-
rier component at the k-th virtual array branch is given by

o' = wiHd™, (26)

where H' is the impulse response matrix (N x L,) obtained

by (L, — L,)-zero padding to the row vector in H. Therefore,

the MRC-combined m-th final subcarrier output is written as

K
v = g ap’zy
k=1

K
= d™"H" (wew{)Rd™.
k=1

(27)

The advantages of the proposed eigenvector combining is
clear, that is, it requires only few training OFDM symbols for
array weight calculation, and can utilize almost all part of re-
ceived signal power. When the SMI agorithm is used for ar-
ray weight calculation, the computational complexity is still
O(Ng X (Lg + Ly)?).

VI. RELATIONSHIP BETWEEN EIGENVECTOR COMBINING
AND POsST-FFT TYPE

The FFT operation is linear, so multiplication of aweight at
the FFT input isequal to that of the sasmeweight at all the FFT
outputs. Taking into consideration this FFT input/output rela-
tionship, the structure of the proposed eigenvector combining



shown in Fig.4 (a) can be changed into that of the very post-
FFT type shown in Fig.4 (b). Therefore, the eigenvector com-
bining is a realization of a post-FFT array antenna through a
pre-FFT signal processing.
The equivalence between them for the case of no interfer-
ence can be proved as follows. When there is no interference,
the generalized eigenval ue problem given by Eq.(20) becomes
just an eigenvalue problem, where the eigenvectors are mu-
tually orthogonal. Therefore, taking the noise subspace into
consideration, the summation term up to N in Eq.(27) issim-
plified into
K
> (wiwil) =1y,
k=1

s0 Eq.(27) becomes

(28)

o™ = (H'd™)" (RaA™). (29)
Equation (29) shows the equival ence between the eigenvector
combining and the post-FFT type, where the m-th final sub-
carrier output is the sum of complex envel ope-weighted m-th
FFT outputs.

VIl. NUMERICAL RESULTS AND DISCUSSIONS

For computer simulation, an eight-element circular array
with half-wavelength adjacent spacing is employed. A co-
herent quadrature phase shift keying (QPSK) scheme is as-
sumed with a half-rate convolutional encoding/Viterbi decod-
ing with a constraint length (K) of 7 and a (12 x 8) block
interleaver. One OFDM symbol is composed of 80 samples,
where the guard interval length is 16 samples and the useful
symbol length is 64 samples. Here, the OFDM symbol is gen-
erated with the 64-point inverse FFT (IFFT), where only 48
subcarriers convey information, 4 subcarriers are known pilot
signalsand the other 12 subcarriersarevirtual subcarriers. The
one signal burst is composed of 2 OFDM symbol-long pream-
ble and 10 OFDM symbol-long payload. In the preamble, one
training OFDM symbol is used for estimation of channel im-
pulse response and the other training OFDM symbol estimates
the correlation matrix of the received signal.

We restrict our attention to an uplink transmission, where
the position of a base station (BS) is sufficiently high so that
few local scatterings occur. Therefore, spatial fading at the
BS will be correlated with an exact correlation depending on
the BS antenna element spacing, the carrier frequency used,
and the angle spread observed at the BS array[10]. Figure 5
shows a spatio-tempral channel model, where there are three
desired signals arriving within the guard interval and as a co-
channel interfering signal, there is one delayed signal beyond
the guard interval. Each signal arrives forming a cluster with
an angle spread, which is composed of eight waves, the en-
velope is Rayleigh-distributed with the same power and the
DoA is uniformly distributed in [0 deg., 360 deg.). The ar-
rival time of the desired signal is uniformly distributed within
the guard interval, whereasthat of the interfering signal is uni-
formly distributed within the useful symbol interval beyond

Envelope: Rayleigh distributed
Arrival Time: uniformly distributed

within guard interval (Desired Signal)
uniformly distributed
within useful symbol (Interfering Signal)
\o ° 4 DoA: uniformly distributed
° in [0 deg., 360 deg.)

v OED/N&WBM

Interfering Signal  Angle Spread: 10, 20 or 30 deg.

Desired Signal

Fig. 5. A spatio-temporal channel model.
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the guard interval. Furthermore, the channel fading is slow
enough so that the channel impul se response does not signifi-
cantly change over one signal burst.

Figure 6 shows the simulated probability density function
(pdf) of eigenvalues > and A3 normalized by the first largest
eigenvalue )\, where the ratio of the average received energy
per bit to the white noise power spectral density per antenna
(Ep/Nop) is6 dB and 20000 outcomes are employed. The oc-
currence of large A, substantially increases when the angle
spread increases (here, from 10 deg. to 30 deg.). Thissuggests
usthat the BER performance of the eigenvector combining can
become better as the angle spread increases.

Figure 7 shows the BER versus the average E;, /N, of the
proposed eigenvector combining. Here, athreshold parameter
Aen 1S newly defined, where the eigenvectors associated with
Ak > A - Ar are employed for combining. This means that
the eigenvector combining with A\, = 1 is equivalent to the
conventional pre-FFT array antenna. The figure clearly shows
that the BER becomes better when )\;;, decreases and the an-
gle spread increases (in the other words, the fading correlation
among antenna elements decreases), as expected intuitively.

Figure 8 showsthe BER versus ), of the proposed scheme.
The BER performance is improved as the )\;;, decreases, i.e.,
more eigenvectors are employed for combining. No thresh-
old effect is observed which istypical in subspace approaches
such asMUSIC.
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Fig. 7. BER performance.

Finally, Figure 9 shows the BER comparison between the
eigenvector combining and the post-FFT array antenna. When
thereisinterference, it has not been completed to theoretically
prove the equival ence between the two schemes, but the figure
clearly shows that the performance of the eigenvector com-
bining with just two training symbols is almost the same as
that of the post-FFT array antenna with twenty training sym-
bols. According to our calculation, the achievable SINR of the
eigenvector combining is smaller than that of the post-FFT ar-
ray antenna by lessthan 1 %.

VIII. CONCLUSIONS

This paper proposed a novel pre-FFT type OFDM adaptive
array antenna called “ Eigenvector Combining.” The eigenvec-
tor combining isarealization of apost-FFT type OFDM adap-
tive array antenna through a pre-FFT signal processing, and
has the advantageous characteristics of the two types of ar-
ray antennas. excellent performance due to power efficiency
inherent in post-FFT type and less computational complexity
and shorter training symbols due to pre-FFT signal processing
proper to pre-FFT type.

Numerical results showed that, for the case of three desired
signals and one co-channel interfering signal, with two train-
ing symbols, the post-FFT array antenna cannot work well at
al, on the other hand, the proposed eigenvector combining
shows excellent BER performance close to the lower bound.
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