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Abstract—In this paper, we consider channel sounding for
multi-sector cooperative beamforming in orthogonal frequency
division multiplexing-based wireless cellular systems. The use
of conventional sounding schemes may suffer from interference
from other sectors and also require large signaling overhead. To
reduce the sounding interference near the sector boundary as
well as the signaling overhead, we allocate the sounding physical
resource unit (PRU) by exploiting the channel correlation in the
frequency domain. The proposed scheme transmits the sounding
signal through the PRUs which are less correlated to each other,
significantly reducing the signaling overhead. The whole channel
information can be extracted from the sounding PRUs by means
of minimum-mean-square-error estimation. Finally, the perfor-
mance of the proposed sounding scheme is verified by computer
simulation, showing remarkable performance improvement over
conventional schemes in the presence of channel correlation,
while significantly reducing the signaling overhead.

Index Terms—cooperative beamforming; multi-user diver-
sity; sounding overhead; frequency correlation; minimum-mean
square-error estimation.

I. I NTRODUCTION

The capacity of a multi-sector cellular system near the
sector boundary is mainly limited by signal transmitted from
other sectors, so-called other-sector interference (OSI). It is
desirable to minimize the OSI effect for the enhancement of
transmission performance near the sector boundary. Recent
results have shown that the use of multi-sector cooperative
beamforming can significantly improve the performance near
the sector boundary when multi-sector channel information is
known to the transmitter [1].

In time-division duplex (TDD) orthogonal frequency divi-
sion multiplexing (OFDM)-based wireless systems such as
IEEE 802.16m, the base station (BS) can estimate the down-
link channel condition using sounding signal transmitted from
each user [2], [3]. However, the performance of multi-sector
cooperative beamforming may significantly be affected by the
sounding signal transmitted from other sectors, so-called other
sector sounding interference (OSSI). The OSSI problem can
be alleviated by allocating different sounding resources to each
sector (i.e., by means of sounding resource reuse (SRR)) [4].
However, it may not be possible to obtain a sufficient multi-
user diversity (MUD) gain since the number of sounding users
decreases by a factor of the SRR. To achieve the same MUD
gain as the full reuse scheme, the SRR needs more sounding

symbols at an expense of uplink resource. In particular, IEEE
802.16m considers the use of three sounding symbols, which
may severely degrade the uplink spectral efficiency due to a
large sounding resource overhead (e.g., 15.8% of the uplink
resource) [5]. It also requires a large number of signaling
overhead for the transmission of sounding signal since the BS
contiguously allocates the physical resource units (PRUs) for
the sounding without consideration of channel characteristics
[5].

In this paper, we propose an efficient channel sounding
scheme for multi-sector cooperation in TDD-OFDM wireless
cellular systems. The proposed scheme transmits the sounding
signal only through the PRUs which are little correlated to
each other, reducing the signaling overhead as well as the
sounding interference. Then, the whole channel information
can be estimated from the partial one by means of minimum-
mean-square-error (MMSE) estimation fully exploiting the
correlation in the frequency domain. It is shown that as the
correlation in the frequency domain increases, the proposed
scheme can provide significant performance improvement over
conventional schemes.

The rest of this paper is organized as follows. Section II
describes the system model and Section III describes the pro-
posed sounding scheme. Section IV verifies the performance
of the proposed scheme by computer simulation. Finally,
conclusions are given in Section V.

II. SYSTEM MODEL

Consider the uplink of a single-input multiple-output
(SIMO) TDD-OFDM cellular system where the whole band-
width is divided intoM PRUs each of which comprisesF
subcarriers, a total ofMF subcarriers, and each cell comprises
S sectors equipping withN receive antennas. Assuming that
K users are uniformly distributed near the sector boundary, the
(N × 1) sounding signal vector received by sectors through
subcarrierf can be represented as

Ys(f) =
K∑

k=1

Hs,k(f)Pk(f) + N(f) (1)

wherePk(f) is the sounding signal transmitted from userk
through subcarrierf , N(f) is the (N × 1) additive Gaussian



noise vector andHs,k(f) is the(N × 1) channel vector from
userk to sectors represented as

Hs,k(f) =




Hs,k(f, 1)
...

Hs,k(f, N)


 . (2)

HereHs,k(f, n) denotes the channel from userk to sectors
at subcarrierf through then-th receive antenna, represented
as

Hs,k(f, n) = αs,khs,k(f, n) (3)

where αs,k(0 ≤ αs,k ≤ 1) is the propagation fading factor
of the channel from userk to sector s and hs,k(f, n) is
an independent and identically distributed (i.i.d) zero mean
complex Gaussian random variable with unit variance. As-
suming that the BS transmits signal to the target user using
transmit antennas of neighboring sectorss ands′, the channel
vector from userk to sectorss ands′ at subcarrierf can be
represented as

Hk(f) =
[
Hs,k(f)
Hs′,k(f)

]
. (4)

The channel vectorHk(f) can be estimated fromYs(f)
and Ys′(f), but it may inaccurately be estimated in the
presence of other sector/user interference or frequency se-
lectivity [6]. Let σ2

k be the normalized mean-squared-error
(MSE) of the channel estimation of userk. Assuming that
αs,k ' αs′,k ' αk near the sector boundary since the distance
between userk and adjacent two sectors is similar to each
other, the estimated channel vector from userk to sectorss
ands′ at subcarrierf can be represented as [7]

H̃k(f) = Hk(f) + αkσkZk(f) (5)

whereZk(f) is a (2N × 1) i.i.d zero mean complex Gaus-
sian random vector with unit variance. Then,Hk(f) can be
represented as

Hk(f) =
1

1 + σ2
k

H̃k(f) +
αkσk√
1 + σ2

k

Zk(f). (6)

Let Rs,k (∆f, n) be the frequency correlation of the channel
between subcarrierf − ∆f and f through then-th receive
antenna, defined by

Rs,k(∆f, n) = E
[
h∗s,k(f −∆f, n)hs,k(f, n)

]
(7)

where the superscript∗ denotes complex conjugate. We as-
sume thatRs,k(∆f, n) ' Rs,k(∆f) unless explicitly stated
otherwise.

III. PROPOSEDSOUNDING SCHEME

In this section, we first analyze the effect of sounding MSE
on multi-sector cooperative beamforming and the characteris-
tics of the MSE with the MMSE estimation. Then, we propose
a new sounding scheme by exploiting the channel correlation
in the frequency domain.

A. Effect of Sounding MSE on Cooperative Beamforming

It can be shown that the signal-to-interference plus noise
power ratio (SINR) of userk at subcarrierf can be estimated
as

γ̃k(f) = γ0

∥∥∥H̃k(f)
∥∥∥

2

(8)

where γ0 is the average SINR and‖·‖ denotes the matrix
norm. Then, the BS selects a user with the highest SINR for
each subcarrier as [8]

πf = arg max
k={1,...,K}

{γ̃k(f)} (9)

and generates a beam weight for the selected userπf as [1]

wπf
(f) =

H̃∗
πf

(f)

||H̃πf
(f)|| . (10)

The received signalrπf
(f) and the effective SINRγπf

(f)
of userπf at subcarrierf can be represented as, respectively,

rπf
(f) = HT

πf
(f)wπf

(f)Xπf
(f) + N(f), (11)

γπf
(f)

= 2γ0

∣∣∣HT
πf

(f)wπf
(f)

∣∣∣
2

= 2γ0

∣∣∣∣∣
1

1+σ2
πf

∥∥∥H̃πf
(f)

∥∥∥
2

+
απf

σπf√
1+σ2

πf

ZT
πf

(f)H̃∗
πf

(f)

∣∣∣∣∣

2

∥∥∥H̃πf
(f)

∥∥∥
2 (12)

where the superscriptT denotes transpose,Xπf
(f) denotes

the desired signal of userπf at subcarrierf andN(f) is the
additive Gaussian noise term.

When σ2
πf
' σ2 and απf

' α, it can be shown that the
average effective SINR is bounded as

γ̄ = E
[
γπf

(f)
]

=
2γ0

1 + σ2

(
1

1 + σ2
E

[∥∥∥H̃πf
(f)

∥∥∥
2
]

+ α2σ2

)

≤ 2α2γ0

1 + σ2

(
2N

K∑

k=1

1
k

+ σ2

)
. (13)

It can be seen that̄γ increases asK increases and/orσ2

decreases. It may be desirable to use a sounding scheme that
can support a large number of users with low sounding MSE.

B. The MSE of the MMSE Estimation

Consider the estimation ofHs,k(f) with the use of aTk-
tap MMSE filter. Letting Φk,f be the filter tap sequence
comprisingTk subcarriers defined by

Φk,f =
[
Φk,f (1)Φk,f (2). . .Φk,f (Tk)

]
(14)

whereΦk,f (i) is the i-th element ofΦk,f , thenH̃s,k(f) can
be represented as

H̃s,k(f) =
(
Cs,k(f, Φk,f )R−1

s,k(Φk,f )H̃T
s,k(Φk,f )

)T

.(15)



Here Cs,k(f, Φk,f ) is the (1× Tk) cross covariance vector
defined by

Cs,k(f, Φk,f ) =




Rs,k (f − Φk,f (1))
Rs,k (f − Φk,f (2))

...
Rs,k (f − Φk,f (Tk))




T

, (16)

Rs,k(Φk,f ) is the (Tk × Tk) auto correlation matrix given as

Rs,k(Φk,f )

=




Rs,k

(
Φk,f (1)
−Φk,f (1)

)
. . .Rs,k

(
Φk,f (1)
−Φk,f (Tk)

)

...
. ..

...

Rs,k

(
Φk,f (Tk)
−Φk,f (1)

)
. . .Rs,k

(
Φk,f (Tk)
−Φk,f (Tk)

)




, (17)

and H̃s,k(Φk,f ) is the (N × Tk) estimated channel matrix
represented as

H̃s,k(Φk,f ) =




H̃s,k(Φk,f (1))T

H̃s,k(Φk,f (2))T

...
H̃s,k(Φk,f (Tk))T




T

. (18)

Then, the MSEσ2 of the MMSE estimation is given by

σ2 = 1− E
[
Cs,k(f, Φk,f )R−1

s,k(Φk,f )CH
s,k(f, Φk,f )

]
(19)

where the superscriptH denotes matrix Hermitian. It can
be seen from (19) thatσ2 decreases as the magnitude of
Cs,k(f, Φk,f ) increases, while that ofRs,k(Φk,f ) decreases.
Note that the magnitude of a vector or matrix is defined as
the sum of absolute value of elements.

C. The Proposed Sounding Scheme

To minimize the estimation error as well as the sounding
overhead, we consider the allocation of sounding PRUs to
minimizeRs,k(Φk,f ) and the selection of MMSE filter taps to
maximizeCs,k(f, Φk,f ) in the presence of channel correlation
in the frequency domain.

We first consider the transmission of sounding signal only
through PRUs which are little correlated to each other (i.e.,
low magnitude ofRs,k(Φk,f )). We also consider the reduction
of signaling overhead for the sounding indication. The BS
determines a set of PRUs of userk for the sounding,Ωk,
and then informs the user the index of all the selected PRUs,
which may require a large indication signaling overhead (e.g.,
M bits).

This signaling overhead can be reduced by generating an
initial index gk of userk as

gk =
(
4k2 + k + 1

)
mod M (20)

where ”mod” denotes the modulo operation. The setΩk of
userk can be determined fromgk as follows:

TABLE I
SIMULATION PARAMETERS

Parameters Values

Number of PRU (M ) 48

Number of subcarriers per PRU (F ) 18

Number of BS antennas (N ) 2

Multiplexing type Frequency division

multiplexing

Decimation index (D) 6

Average SINR (γ0) 0 dB

Step 1: Initilize the index and the sounding PRU set as

gk =
(
4k2 + k + 1

)
mod M, Ωk = {gk} ,

and go to step 3.

Step 2: Update the set of PRUs for the sounding as

for m̂ = arg min
m′

k /∈Ωk

(
max

m̂k∈Ωk

|Rs,k ((m′
k − m̂k)F )|

)
,

Ωk ← Ωk ∪ {m̂} .

Step 3: If |Ωk| < Ok, go to step 2. Else stop.
Here |Ωk| is the cardinality ofΩk and Ok is the number of
sounding PRUs for userk to be determined by the BS. For a
given Ok, userk can generate the sameΩk as the BS. Once
Ωk is determined, userk in sectors transmits the sounding
signal through subcarrier setΘk determined as

Θk =
{

f̂k

∣∣∣f̂k = m̂kF + sF
S + (dD + k) mod F

S

}
,

for m̂k ∈ Ωk and 0 ≤ d ≤ F
DS − 1

(21)

whereD is the decimation index.
The channel information at subcarrier̂fk in Θk can first

be estimated by the least square (LS) method. To estimate
the whole channel information based oñHs,k(f̂k), we apply
MMSE filtering to sounding subcarriers highly correlated with
subcarrierf (i.e., high magnitude ofCs,k(f, Φk,f )). The tap
sequenceΦk,f can be determined as follows:

Step 1: Initialize

i = 1 and Φk,f = ∅.

Step 2: Update the tap sequence as

Φk,f (i) = arg max
f̂k∈Θk−Φk,f

∣∣∣Rs,k(f − f̂k)
∣∣∣ .

Step 3: If |Φk,f | < Tk, i ← i + 1 and go to step 2. Else
stop.
Then, Hs,k(f) can be estimated by means of the MMSE
filtering (15). Thus, the proposed scheme can estimate the
channel information of all subcarriers without the use of
sounding signal transmitted through the whole subcarriers.
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Fig. 1. Sounding MSE according toK.

IV. PERFORMANCEEVALUATION

The performance of the proposed scheme is compared to
that of conventional sounding schemes (i.e.,Ok ' O = M )
by computer simulation. The simulation environment is almost
identical to that of IEEE 802.16m system [9] as summarized
in Table I, where the whole 864 subcarriers are divided into
48 PRUs. We assume that users transmit sounding signal by
means of frequency division multiplexing where the decima-
tion index is 18 and the channel has an average SINR of 0
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Fig. 2. Average effective SINR according toK.

dB.
Fig 1 depicts the sounding MSE of the proposed scheme ac-

cording toK when the root mean square delay of the channel
τ is 45 ns or 750 ns (i.e., corresponding to the Pedestrian A
or Pedestrian B channel model, respectively). We assume that
the conventional schemes estimate the whole channel using an
MMSE filter whose taps are randomly selected in the same
subband (i.e., 4 contiguous PRUs) of the estimation target
subcarriers. It can be seen that the MSE of the full reuse



scheme linearly increases asK increases due to the OSSI.
This is mainly because each sector independently allocates
the sounding signal in the full reuse scheme. It can also be
seen that the MSE of the single symbol SRR scheme of IEEE
802.16m sharply increases whenK > 12. This is mainly due
to the fact that the maximum number of orthogonal sounding
users in the single symbol SRR is 12 since each sector has 6
subcarriers per PRU for the sounding. It can also be seen that
when K > 36, the MSE of the multi-symbol SRR scheme
of IEEE 802.16m rapidly increases because the maximum
number of orthogonal users is 36 [5]. On the other hand, the
proposed scheme provides almost the same MSE indifferently
from the number of sounding users because it can estimate
the whole channel with sounding signal transmitted through
a small number of subcarriers by exploiting the channel
correlation in the frequency domain, making it possible to
increase the number of orthogonal sounding users.

Fig. 2 depicts the average effective SINR of the multi-sector
cooperative beamforming according toK. It can be seen that
the beamforming performance of the conventional schemes is
degraded for a large number of users due to the sounding
interference. On the other hand, the proposed scheme allows
the multi-sector beamforming to provide performance similar
to the three-symbol SRR scheme, while significantly reducing
the resource for the sounding (e.g., the use of single symbol
requires 5.3% of the uplink resource compared to 15.8% of
the uplink resource in the three-symbol SRR) and the signaling
overhead (e.g.,O=4, O/M=8.3%).

V. CONCLUSION

We have proposed a channel sounding scheme for multi-
sector cooperation in TDD-OFDM wireless cellular systems.
By exploiting the channel correlation in the frequency domain,
the proposed sounding scheme can improve multi-sector coop-
erative beamforming performance, while significantly reduc-
ing the signaling overhead for the sounding. The proposed
scheme sequentially determines PRUs for the sounding and
the filter taps for the channel estimation according to the
channel correlation, making the implementation quite feasible.
The simulation results show that the proposed scheme is
quite effective in the presence of channel correlation in the
frequency domain.
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