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ABSTRACT

In this paper we propose a blind maximum ratio combining
(MRC) technique along with an initialization method to im-
prove the performance of the blind adaptive channel short-
ening algorithm called Multicarrier Equalization by Restora-
tion of RedundancY (MERRY) in the 1x2 SIMO channel con-
text. We show through analysis and simulations that the blind
MRC technique allow us to take advantage of the spatial di-
versity improving considerably the performance of the MERRY
algorithm in the SIMO context.

1. INTRODUCTION

The cyclic-prefix (CP) technique [1] has become very pop-
ular, since it allows the use of computationally efficient and
simple frequency-domain equalizer (FEQ). It works by ap-
pending, in a block-based transmission, a copy of the end of
each block as a prefix, that should be equal to or longer than
the channel memory. With adequate synchronization, we ap-
ply a fast Fourier transform that allow us to equalize the signal
with a bank of the so-called one-tap equalizer. The CP tech-
nique is mostly employed in multicarrier modulations, such as
orthogonal frequency division multiplexing (OFDM) and dis-
crete multitone modulation (DMT), but also in single-carrier
modulations (SCCP) [2].

If the channel memory is longer than the CP, we have in-
terblock interference (IBI), reducing the system performance.
This problem can be solved by increasing the CP size along
with the block size, in order preserve spectral efficiency. How-
ever, this increases latency, complexity and memory needs.
Additionally, to avoid intercarrier interference (ICI), the chan-
nel should be invariant during the block period. Thus, a larger
block size would render the system more sensitive to time-
varying channels. A more effective and flexible way of mini-
mizing this problem is to make use of time-domain equalizer
(TEQ) before CP removal and the FFT. Such technique aims
to provide an effective channel, which is the convolution of
the channel with the equalizer, whose memory length is equal
or smaller than the CP.
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Many techniques have been developed for determining the
TEQ coefficients (e.g., [3],[4]). Most of them were made
for wireline systems, which, due to slow time-varying char-
acteristics, make use of trained and nonadaptive techniques.
However, in wireless channels, adaptive blind techniques are
greatly desired. One interesting and efficient technique pro-
posed in the last years is the Multicarrier Equalization by
Restoration of RedundancY (MERRY) algorithm [5]. Al-
though it presents good performance in Single-Input Single-
Output (SISO) channels, we show in this paper that its version
for a Single-Input Multiple-Output (SIMO) channel may not
exploit the diversity provided by the channel and, in some
cases, it may even cause destructive interference on the de-
sired signal. We then propose a blind adaptive maximum ratio
combining (MRC) approach with an initialization method for
the MERRY algorithm to improve system performance. We
assess such gains through numerical simulations.

This paper is organized as follows. In section II, we de-
scribe the system model. Section III recalls the MERRY al-
gorithm and presents its drawbacks in the SIMO context. In
section IV we describe and explain the MRC approach for the
MERRY algorithm. Simulation results are shown in section
VI. Finally, the conclusions and perspectives are stated in VII.

2. SYSTEM MODEL

We base our system model in the one proposed by [6]. For the
sake of simplicity, the SIMO system model for OFDM mod-
ulation is depicted in figure 1 for only 2 receiver antennas.
In the general context, we can assume the use of P receiver
antennas. Each of the N sub-carriers modulates a QPSK
(Quadrature Phase-Shift Keying) symbol. The OFDM modu-
lation is performed via inverse fast Fourier transform (IFFT)
and the demodulation is accomplished via FFT.

We define the OFDM symbol as the N output values of
the IFFT. The CP is the last v samples of the OFDM symbol
that are appended at the beginning of each OFDM symbol be-
fore transmission, originating what we call a complete OFDM
symbol. Hence, we have that the k-th complete OFDM sym-
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Fig. 1. System Model.

bol signal obeys:

z(Mk+1i) = c(Mk+i+N) i€ {0, ..,v—1}
ey
where M = N + v is the total symbol duration and k is
the symbol index. The signal received by the p-th antenna
is given by
up(i) = hIx(i) + ny(d), )

where h, = [1,(0) hp(1) ... hy(Ly —1)]T is the p-th
sub-channel, x(i) = [z(s) z(i —1) ... x(i—Ln+1)|Tis
the transmitted signal, n,(7) is the additive white Gaussian
noise with variance o2 and Ly, is the length of the p-th sub-
channel.

If the CP is shorter than the channel memory, we can use a
TEQ to shorten the channel. The coefficients of the p-th TEQ
is represented by w, and its output is given by:

up(i) = Wy uy (i) 3)
where w,, = [w,(0) wp(1) ... wy(Ly —1)]7 is the sub-
equalizer, (i) = [up(i) up(i—1) ... up(i — Ly +1)]7
is the input of the p-th sub-equalizer and L,, is its length.

The resulting signal used for demodulation is

P-1 P-1
y(@) =D (i) = Y whup(i) = whu(i) (@)
p=0 p=0
where
wh= [wh wi ... wh_y] &)
and r
u(@) = [ug (i) uf (&) ... wp_, ()] ©)
The effective channel response c is expressed by:
P-1
c=) hpxwp 0
p=0

where « is the linear convolution operation.

Although we do not show the SCCP system, it is worth
noting that it only differs from the OFDM by the fact that the
IFFT is replaced just after the FEQ in the receiver.

Before presenting the proposed technique, we recall the
MERRY algorithm in the next section, showing its drawbacks
in the studied context.
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3. ANALYSIS OF MERRY ALGORITHM IN THE
SIMO CONTEXT

The MERRY algorithm [5] assumes that a CP is used in the
transmission and that the source sequence is white before the
CP insertion. If the effective channel is no longer than the CP
and in the absence of noise, the last sample in the received
symbol will be equal to the last sample in the received CP
of the symbol. On the other hand, if the CP is shorter than
the effective channel response, this will not be true. If we
can minimize the difference between these two samples, by
restoring the redundancy introduced by the cyclic prefix, we
can shorten the effective channel. Mathematically this can be
translated into the MERRY cost function [5]:

J(w,8) = B{ly(Mk+v+8) - y(Mk+v + N + A)1*}

®)
where A € {0,..., M — 1} is a synchronization parameter
used to find the boundaries that separates successive transmit-
ted blocks. The optimum value of A is the one that minimizes
(8).

An adaptive algorithm can be obtained by the stochastic
gradient descent [7] of (8). However, without a constraint, it
would converge to the trivial solution, i.e., w = 0. In order to
avoid such solution, we can choose between two constraints
[5, 8]: the unit-norm constraint (UNC) and the unit-tap con-
straint (UTC). Mathematically, the correspondent stochastic
gradient descent algorithms are:

o MERRY-UNC
set Wp,,i,(0) = 1,
u(k) =uMk+v—-14A)—uMk+v -1+ N +A)
e(k) = w¥ (k)u(k)
W(k +1) = w(k) — pe(k)u* (k)
w(k+1) = Skt

W(k+1)1
¢ MERRY-UTC ©
set wp, i, (0) = 1,
u(k) =u(Mk+v—-1+A)—uMk+v—1+N +A)
e(k) = w" (k)u(k)
w(k +1) = w(k) — pe(k)a" (k)
wpo,io(k + 1) =1
(10)
where w and u are defined in equations (5) and (6) respec-
tively, u is the adaptation step-size, wyp, i, (k) = 1 is the ip-th
coefficient (0 < 49 < Lj, — 1) of the po-th sub-equalizer at
instant k, wp, ;0(0) = 1 is the initial condition and (*) denotes
complex conjugate.
Both constraints provide global convergence in the SISO

channel context [S]. However, in the SIMO context, the MERRY-

UNC presents more than one solution. Each solution is linked
to the initialization choice. Therefore, it is not guaranteed that
we can exploit the diversity provided by the SIMO channel
and, worse, we can end up with destructive interference. The
MERRY-UTC will globally converge, but not in the sense that
it will exploit the diversity. Let us illustrate these phenomena
by the following two simple examples.



3.1. Just one sub-equalizer initialization and AWGN sub-
channels

Let us assume each sub-channel to be AWGN, v > 1, and
the po-th sub-equalizer to be initialized by wp, ;,(0) = 1,
while all other coefficients of w are set to zero. Since the
sub-channels are AWGN, the optimum value of A, i.e., the
value that minimizes (8), is equal to ig. Furthermore, when
computing the error e(0) = w7 (0)u(0), all terms of u(0)
will be multiplied by zero, with the exception of that one cor-
responding to wp, ;,(0). This element of u(0) is given by:

Upo (ME+v—1)—upg (Mk+v+N-1)=z(Mk+v—1)~z(Mk+v+N-1)
+npy (Mk+v~1)—np, (Mk+v+N-1)
a1n
However from (1), z(Mk+v—1) = z(Mk+v+N-1),
so that (11) becomes

Upg (MEk+v—1)—up, (Mk+v+N-1)=
npg (Mk+v—1)—np, (Mk+v4+N—1)
(12)
which is the difference between two uncorrelated zero mean
Gaussian samples. Then, the true gradient used in the adapta-
tion of (9) and (10) for the first iteration is given by:

E{e(0)a"(0)} = [0...,202,0, ...0]",  (13)

where all elements are null except the element corresponding
to the ¢ position of the py-th sub-equalizer, 20,21. For the first
iteration it holds

w(1) = w(0) — uE{e(0)u*(0)}

= [00...0p0_1 0... 1—2/.1,0,210...001,04.1 0p_1]T

(14)
and then, for the MERRY-UNC (9):
_ w1
w(l) = /o .
=[00...0p,-10...10...00,41 ... 0p_4]
(15)
and for the MERRY-UTC (10):
’wpo,io(l) =1=
W(l) =[00...0p0_10... 10...00p0+1 ...Op_l]T

(16)

As a result of the constraints, w(1) = w(0), ie., the
equalizer does not move away from the initial conditions.
This is not a surprise, since the given initial conditions pre-
serve the redundancy introduced by the CP. As a matter of
fact, this will always happen when L;, < v. However, the re-
sulting solution of this initialization does not contemplate the
signal power from the other channels and neither the uncorre-
lated noise in the P antennas, i.e., channel diversity.

One could think of another initialization designed to ex-
ploit the channel diversity. For the channel in this example,
a possible initialization that would work with the MERRY-
UNC is wp,;,(0) = 1 for p = 0 and p = 1. However, if the
sub-channels’ phases are opposed by 7, this initialization will
lead to destructive interference, as it is illustrated in the next
example.
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3.2. Initializing all sub-equalizers and AWGN sub-channels
but with opposite phases

Let us consider a 1x2 SIMO channel with AWGN sub-channels.
In order to maximize the output SNR of the TEQ, we can ini-
tialize both sub-equalizers with wg ;, (0) = 1/v/2, w1 ;,(0) =
1/v/2 (unit-norm initialization) for the MERRY-UNC case
and wo 4, (0) = 1, wy,4,(0) = 1 for the MERRY-UTC case.
Further, let us consider that the AWGN sub-channels have op-
posite phases (0 and ) and that we are not aware of that. It
is not hard to see that we end up with a result similar to (13),
but now we have two non-zero values (o2 for the MERRY-
UNC and 202 for the MERRY-UTC) in iq position of both
sub-equalizers. After updating the equalizer coefficients and
applying the constraint, the MERRY-UNC will remain on the
initial conditions for every value of k. For the MERRY-UTC,
there is a decrease of 2¢2 on the i, of the non-constrained tap.
When k — o0, this tap is driven to zero.

To sum up, the resulting equalizer of the MERRY-UNC
approach will generate a null effective channel, for any value
of k. The equalizer that uses the MERRY-UTC approach will
forget the initial condition with a time period whose length
is directly proportional to the channel signal-to-noise ratio
(SNR). Therefore, in the first iterations, the effective chan-
nel will be almost null. At last, none of the initializations can
exploit the channel’s diversity, which is crucial to improve
performance.

In the next section, we propose a technique that can ex-
ploit part of this diversity.

4. THE JOINT MRC AND UNC-MERRY APPROACH

In order to better exploit the diversity provided by the
channel and to avoid ill convergence solutions of the MERRY-
UNC, we came up with an MRC approach in a 1x2 SIMO
channel context (figure 2). We consider that we initialize both
sub-equalizers with wg ;,(0) = 1/v/2 and w; 4,(0) = 1/v/2.
As shown in the example in subsection (3.2), the sub-channels
will be added and we may end up with destructive interfer-
ence. But we know that this is mostly due to a phase problem
that cannot be compensated by the MERRY algorithm. If we
take one sub-channel as the phase reference, we can rotate
the other one and by maximizing the following criterion we
expect to gather most of the channel spatial diversity:

Fig. 2. SIMO 1x2 MRC-MERRY-UNC technique.



Ly-1
Je) = Y |k +hab) an
k=0

We call the attention to the fact that both channels are
added due to the adopted initialization.
The maximum value of (17) is achieved when:

o — Lito H(B)i(K) _ Rnung
ke k()R (k)| [ Raol

(18)

where Ry, p, is the cross-correlation between sub-channels
h; and hg. This value can be estimated adaptively by the
cross-correlation of the outputs of the sub-channels using, for
instance, a retangular sliding window, as follows:

1 k
7Y uul

i=k—-W+1

Ry (k) = 19

where Ry, 1, (k) is the estimated value of Ry, , at the instant
k and W is the size of the retangular sliding window. A more
efficient implementation can be carried out by a moving sum.

It is worth noting that we can estimate § much faster than
the equalizer, since we can iterate at every received sample,
while the MERRY can iterate only at symbol-rate.

We also know that the sub-channel may have different
gains. Therefore, in order to maximize the SNR, we can pon-
der each sub-channel output according to the square-root of
their output power. The power estimation of the received sig-
nal can be easily carried out by an exponential sliding win-
dow:

i) =aoi(i-1)+(1-a) @ 0
where «a is the forgetting factor. Then, the channel power is:

ifo2 —02 <0

otherwise @n

0.2 — { 07
4 Oz 2(0'3 - ‘7721)’
where o2 is the noise power, considered to be previously esti-
mated in the absence of the information signal and o2 is the
inverse of the signal transmitted power that is known a priori.

Thus, if we assume, like in subsection (3.2), AWGN sub-
channels, it is straightforward to show that, for any channel
phase or power, the MRC-MERRY-UNC with the proposed
initialization approach will provide optimal performance. The
analysis for time-dispersive channels are more complicated,
but results from numerical simulation are shown in the next
section.

It is worth noting that, in order to provide similar gains
to the MERRY-UTC, the unit-tap constraint would also have
to be applied in the other sub-equalizer. However, this would
limit the equalizer solutions space.
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5. SIMULATION RESULTS

The following simulations show the effectiveness of our pro-
posal for time-dispersive channels. The first example consid-
ers a 32-tap Rayleigh-fading channel with exponential power-
delay profile for both sub-channels, as used in [8]. In the
second example, each sub-channel is the result of the con-
volution of a 5-tap Rayleigh-fading channel with exponen-
tial power delay-profile with another Rayleigh-fading chan-
nel represented by ag + a1 270 + apz 718, where ay, k = 0, 1
and 2, are uncorrelated unitary variance complex Gaussian
random variables.

In all simulations, the (I)FFT size is N = 64 and the
CP length is v = 16. The MRC parameters are perfectly
estimated from the first transmitted symbol, since we would
like to concentrate on the best achievable performance of the
proposed technique. Furthermore, the MRC parameters can
be estimated very fast and thus, this assumption is not ir-
real. The equalizer coefficients are updated for 1600 com-
plete OFDM symbols after initialization. Then, the adapta-
tion is stopped and the bit error rate (BER) is measured for
another 1600 complete OFDM symbols. This process was re-
peated for 2000 channel realizations. We have used a QPSK
modulation and the frequency-domain equalizer was obtained
by assuming perfect channel knowledge. No channel cod-
ing was used in the simulations and the indicated SNR is the
SNR per sub-channel (or per antenna). The optimum delay
A was obtained in the same fashion as in [6]. The number
of coefficients per sub-equalizer is L,, = 15 and center-spike
initialization is used. The MERRY-UTC and MERRY-UNC
have only one sub-equalizer initialized. The MERRY-UNC
double initialization and MRC-MERRY-UNC have both sub-
equalizers initialized with center-spike initialization.

Figure 3 shows the BER for the 32-tap Rayleigh-fading
exponential power-delay profile channel. The MERRY-UTC

— —_— ]
%= NERRY-UTC i
~ MERRY-UNC B
‘ -8 MERRY_UNG double init ||
| == MRC-MERRY-UNC |4

]

|

T g S E—

15 2‘6 - 7”7742‘.’;7430
SNR [dB]
Fig. 3. BER for the 32-tap Rayleigh-fading channel with ex-
ponential power-delay profile.



-8~ MERRY-UTC

-y~ MERRY-UNC ]
-8~ MERRY-UNC double init
=d= MRC-MERRY-UNC {

15 20 %5 0
SNR [dB]

Fig. 4. BER for the 5-tap Rayleigh-fading channel with expo-
nential power delay-profile convolved with a three-path equal
power Rayleigh channel.

and the MERRY-UNC present almost the same performance,
as noted in [8] in a similar case. However, the MRC technique
together with the proposed algorithm initialization achieves a
much higher performance for higher SNR regimes. We can
also note that the double initialization in the pure MERRY-
UNC causes some loss of performance when compared to the
single initialization approach.

For the second example, the results are shown in figure 4.
The difference between the MERRY without and with MRC
approach is still more impressive when compared to the first
example. At 30dB, the proposed approach has a tenfold BER
advantage over the other MERRY configurations. We may ex-
plain this behavior based on the channel characteristics. First,
the channel has a maximum length of 23, which leaves only 6
samples outside the cyclic prefix. This reduces the impact of
the TEQ channel shortening and emphasizes the use of TEQ
in channel diversity exploitation. Additionally, the channel
components associated to the exponential power delay-profile
decays in just 5 samples, which leaves only some really im-
portant taps. Therefore, it is more crucial in this case to co-
herently add both channels. Finally, the non-MRC techniques
present again almost the same performance, with a minor ad-
vantage of the MERRY-UTC.

Although we ideally estimate the MRC parameters, there
is plenty of performance headroom to absorb some estimation
errors.

6. CONCLUSION

In this paper, we show that the MERRY algorithm cannot
fully exploit the diversity present in the SIMO channel and
sometimes it may even cause destructive interference on the

desired signal, with serious impact on the system performance.

We then propose a blind MRC approach for a 1x2 SIMO
channel in order to combat this problem and to better exploit
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the diversity. We show through simulations the effectiveness
of our technique.
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