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Abstract—This paper addresses the problem of limited CSI
feedback in coordinated multi-point (CoMP) networks. Specifically, the system throughput is obtained for block-fading CoMP
channels with quantized CSI feedback, and the effect of feedback
bit allocation on the system throughput is investigated for different user locations and fading distributions. The analytical and
simulation results show that substantial throughput increment is
achieved via CoMP joint transmission with very limited number
of feedback bits per base station. The effect of optimal bit
allocation becomes more important for the user that is located in
the CoMP cluster edge areas. Also, the standard Zonal-sampling
scheme provides the best bit allocation strategy in many cases,
maximizing the system throughput.

I. I NTRODUCTION
Recently, coordinated multi-point (CoMP) joint transmission, also known as network multiple-input-multiple-output
(MIMO), is considered as a promising technique to mitigate
inter-cell interference (ICI) and improve the spectral efficiency
[1], [2]. In CoMP systems, coordinated base stations (BSs)
are inter-connected via a high-speed backbone. In the case
of joint transmission, the coordinated BSs share channel state
information (CSI) and the user data. Hence, the ICI is reduced
by exploiting the signals transmitted from other cells to assist
the transmission rather than treating them as interference.
This will lead to considerable improvement in throughput,
particularly for cell-edge users where the improvements are
most needed.
A major drawback of multi-point joint transmission is, however, the enormous amount of CSI feedback overhead required
at the coordinated BSs. In order to make the feedback overhead
affordable, clustering of BSs, i.e., dividing the network into
small subsystems or clusters of coordinated BSs, has been
considered in [3]–[5]. In [6], a threshold based approach is
proposed which allows the receiver not to feedback CSI of
BSs with weak channel quality inside a cooperation cluster.
In [7], quantized CSI feedback of a subset of BSs is considered
for the downlink multi-user network MIMO system.
In this paper, we address the problem of quantized CSI
feedback in the downlink of a CoMP cluster, consisting of
multiple BSs and one user. In contrast to, e.g., [3]–[6], where
no realistic quantized CSI feedback and quantization bit allocation were considered, this paper concentrates on the optimal
quantization boundaries and the reconstruction points of the
quantizers maximizing the system throughput. Moreover, we
take the data outage probability, due to imperfect CSI at the
transmitter, into account which was not considered by [7]. In

this way, the optimal feedback bit allocation between the BSs
can be studied, which was not investigated in [3]–[7].
Our scheme works as follows. Assume both the data and
the quantized CSI feedback of the user are shared in real time
among all BSs in the cluster. The CSI feedback is represented
via limited number of feedback bits. Based on the quantization
indices, all BSs of the cluster provide non-coherent joint
transmission to the user at each time slot. System throughput
is analyzed for joint transmission with quantized CSI feedback
taking user data decodability into account. Further, the effect
of bit allocation on the system throughput is investigated for
different user locations and fading distributions.
Analytical and simulation results show that considerable
system throughput improvement is achieved via base stations
cooperation with limited number of feedback bits per base
station. The effect of optimal bit allocation becomes more
important for the user located in the CoMP cluster edge areas.
In harmony with practical schemes [8], the standard Zonal
sampling scheme provides the best bit allocation strategy in
many cases, maximizing the system throughput. Moreover,
considering quantized CSI, the maximum throughput is obtained when the data is transmitted with a rate corresponding
to the worst (lowest) gains within the quantization regions.
The results should be relevant for researchers involved in the
evolution of 4G systems research and standardization, such
as evolution of the WINNER 4G system concept [9] or the
Long Term Evolution (LTE) standard by the 3rd Generation
Partnership Project (3GPP) [10], where partial CSI is one of
the most important issues.
The rest of the paper is organized as follows. In Section
II, we present the system model. In Section III, the system
throughput with quantized CSI feedback is analyzed for multipoint non-coherent joint transmission. Section IV presents
the simulation results with respect to different bit allocation
strategies and user locations. Conclusions are presented in
Section V.
II. S YSTEM MODEL
As illustrated in Fig.1, we consider a communication setup
with N BSs and one user. The BSs are assumed to have
full cooperation, provide joint transmission to the user and
constrained to have the same limited transmission power P .
In this way, the channel can be modeled as
Y =

N

n=1

ln Hn X n + Z

(1)
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Figure 1. System model. The network consists of N base stations (BSs) and
one user. The base stations have full cooperation with each other. Further,
while the receiver has perfect knowledge about the channels quality, the BSs
are provided with quantized CSI represented via limited number of feedback
bits. Considering block fading channels, the system throughput is investigated
under different bit allocation strategies.

where Y denotes the received signal, ln is the long-term
channel gain between the n-th BS and the user, consisting
of path loss and shadow fading, Xn is the data transmitted
from the n-th BS and Hn represents the independent and
identically distributed (iid) small-scale fast fading variable
between the n-th BS and the user. Also, Z ∼ CN (0, N0 )
denotes additive iid complex Gaussian noise plus the interference received from the other base stations/clusters, where
we set N0 = 1. Moreover, we define Gn = |Hn |2 which is
denoted the n-th channel gain in the following. Although the
results are valid also if the small-scale fast fading channels
have different distributions, for simplicity we assume that
they experience the same probability density function (pdf).
Then, this scenario can be, with no loss of generality, mapped
into the case where the channels experience identical pdfs
but the BSs have different power constraints |Xn |2 ≤ Pn ,
where Pn = P |ln |2 , n = 1, . . . , N . Finally, the gain pdf:s are
represented by fGn (g), n = 1, . . . , N .
We focus on block-fading channels1 where the channel gains
remain constant for a long duration, generally determined by
the channel coherence time, and then change independently
according to the fading pdfs. Then, motivated by the transmission of training sequences, it is assumed that there is
perfect instantaneous knowledge about the channels gains at
the receiver, which is an acceptable assumption under blockfading conditions [13]–[18]. On the other hand, due to limited
feedback resources, the BSs are provided with quantized CSI
about the channel gains represented via limited number of
feedback bits.
Evaluation yardstick: Our figure of merit is the system
throughput. Let τk be the number of channel uses in the kth time slot. Then, the total number of channel uses and the
total number of successfully decoded information nats2 up to
1 As discussed in [11], [12], the information theoretic results of block-fading
channels match the results of actual codes for practical code lengths (e.g.,
 100 channel uses).
2 If not specified, the results are presented in natural logarithm basis. Further,
in all simulations the throughput is presented in nats-per-channel-use (npcu).

the end of the k-th time slot are denoted by τ (k) and Q(k) ,
respectively. In this way, the system throughput is defined as
E{Q}
Q(k)
.
(2)
η = lim (k) =
k→∞ τ
E{τ }
where Q is the number of successfully decoded information
nats in each transmission, τ is the number of channel uses in a
data transmission time slot and E{.} represents the expectation
operator [19]. Here, we focus on fixed-length coding schemes.
Therefore, defining R(g1 , . . . , gN ) as the achievable rate for
gain realizations gn , n = 1, . . . , N and Lc (in channel uses)
as the codewords length, the system throughput is simplified
to
E{Lc R(g1 , . . . , gN )}
= E{R(g1 , . . . , gN )} = R̄, (3)
η=
Lc
that is, the channel average rate [17]–[20]. In the following,
we evaluate the effect of quantized CSI and bit allocation on
the system throughput.
III. S YSTEM THROUGHPUT WITH QUANTIZED CSI
FEEDBACK

At the beginning of each fading block, the receiver implements N deterministic quantization functions
Cn (gn ) = in if gn ∈ Sin = [g̃in −1 , g̃in ), in = 1, . . . , In (4)
which partitions the gain pdf of the n-th link, n = 1, . . . , N ,
into In regions Sin , in = 1, . . . , In . Here, g̃in ’s denote the
quantization boundaries where we have g̃0 = 0, g̃In = ∞.
g̃
Also, πin = Pr{gn ∈ Sin } = g̃iin−1 fGn (g)dg represents
n
the probability that the n-th channel gain falls into the region
Sin . Then, the quantization indices are fed back to all BSs.
Therefore, assuming unicast to each BS, the total number of
feedback bits per block would be
B=

N


bn , bn = log2 In  + 1

(5)

n=1

where . denotes the lower integer value.
Getting the quantization indices {in , n = 1, . . . , N }, some
codeword is created by cooperation of the BSs such that
Qi1 ...iN information nats is sent to the receiver. Therefore,
as the length of the codewords is Lc , the transmission rate
Q
N
. It is obvious that, based on
would be Ri1 ...iN = i1L...i
c
the received quantization indices {in , n = 1, . . . , N }, the
transmission rates are selected such that3
log(1 +

N

n=1

g̃in −1 Pn ) ≤ Ri1 ...iN < log(1 +

N


g̃in Pn ), (6)

n=1

that is, the rates are selected to be some value between
the two extreme possible transmission rates for the given
set of quantization indices. The data is successfully decoded
by the receiver if the
rate, i.e.,
N channel gains supportthe
N
Ri1 ...iN ≤ log(1 + n=1 gn Pn ), where γ = n=1 gn Pn is
the instantaneous signal-to-interference-and-noise ratio (SINR)
3 In (6), we have used the fact that with an equivalent SINR x the maximum
decodable rate is log(1+x) if the length of the codewords is (infinitely) long.
For systems with finite code lengths, the achievable rate would be less.

at the receiver. Hence, for a set of quantization indices
{in , n = 1, . . . , N }, the expected transmission rate is
R̄i1 ...iN = Ri1
...iN βi1 ...iN
βi1 ...iN = Pr Ri1 ...iN ≤
log(1 +

N

n=1 gn Pn )|gn


∈ Sin , n = 1, . . . , N
(7)

where βi1 ...iN is the probability that the data with rate Ri1 ...iN
is decodable if the channels are in the regions Sin , n =
1, . . . , N .
In this way, considering all quantization regions, the system
throughput is obtained by
η=
=
=

I1


...

IN


Pr{gn ∈ Sin , n = 1, . . . , N }R̄i1 ...iN
N
( n=1 πin )R̄i1 ...iN
Ri1 ...iN Υi1 ...iN

i1 =1
I1 iN =1
I
. . . iNN =1
iI11=1
IN
i1 =1 . . .
iN =1

g̃iN −1

∀in ,n=1,...,N n=1
in =1

n=1

(9)

n=1

The first two lines in (11) are for the cases where one of
the channels falls into its first quantization region. Further,
the last term is for the case where none of the gains are
in the first quantization region, where Theorem 1 is valid.
Also, it is interesting to note that, based on Theorem 1, the
outage may happen if and only if one of the channels is
in its first quantization region. Otherwise, as the codewords
are (asymptotically) long, the data is always decoded with
probability of 1. Finally, assuming infinitely many quantization
regions for each channel, i.e., In → ∞, n = 1, . . . , N , (11)
is simplified to

(8)

where we have
N
Υi1 ...iN = ( n=1 πin )βi1 ...iN =
g̃iN
g̃i1
N



..
(
fGn (gn ))1(g1 , ..., gN ; Ri1 ...iN )dg1 . . . dgN .
g̃i1 −1

Based on the theorem, the system throughput, i.e., (8), is
simplified to
I
I
η = i22=1 . . . iNN =1 R1i2 ...iN Υ1i2 ...iN
I
I −1
+ . . . + i11=1 . . . iNN−1
=1 Ri1 ...iN −1 1 Υi1 ...iN −1 1
(11)
N
N
 


+
...
(
πin ) log(1 +
g̃in −1 Pn ).

∞

∞

...

η=
0

N

(
0

n=1

fGn (gn )) log(1 +

N


gn Pn )dg1 . . . dgN

n=1

(12)

which is the system throughput with perfect CSI at the BSs.
In the following, we study (11) in more details where the
system throughput is investigated for different user locations
and small-scale fast fading distributions.

Here, 1(x1 , . . . , xN ; Ri1 ...iN ) is an indicator function defined
as
IV. S IMULATION RESULTS
⎧
N

⎨
Simulation
results
are presented for Rayleigh-fading and
gn Pn ) ≥ Ri1 ...iN
1 if log(1 +
1(g1 , . . . , gN ; Ri1 ...iN ) =
n=1
channels
with
Nakagami-2
gain distributions respectively
⎩
0 otherwise
given by
(10)
(13)
fG (g) = λe−λg , g ≥ 0
In the following, we show that the maximum throughput
is achieved when the transmission rate Ri1 ...iN is selected to and
2 2
8
be the value corresponding to the worst (lowest) gains within
(14)
fG (g) = 2 g 3 e− λ g , g ≥ 0
quantization regions Sin , in , n = 1, . . . , N (except the cases
λ
where the channels are in their first quantization regions).
where we set λ = 1. Note that Rayleigh-fading channels
Theorem 1: The maximum
system
throughput
is
achieved
are good models for tropospheric and ionospheric signal
N
by Ri1 ...iN = log(1 + n=1 g̃in −1 Pn ), in = 0, n = 1, . . . , N . propagation as well as the effect of heavily built-up urban
N Proof: Let us assume that Ri1 ...iN > log(1 + environments on radio signals [21], [22]. On the other hand,
in −1 Pn ). Then, if the channel gains are such that
as discussed in, e.g., [23], [24], Nakagami distributions are
n=1 g̃
N
log(1+ n=1 gn Pn ) < Ri1 ...iN , the data transmitted with rate appropriate models for the cases where the fading is not so
Ri1 ...iN is lost, that is, outage happens. However, by increasing severe.
the
Notice that, as described in the system model, the efNquantization boundaries g̃in −1 such that Ri1 ...iN = log(1+
g̃
P
)
we
increase
the
contribution
of
this
rate
on
fect
of user location can be mapped into different transmit
i
−1
n
n=1 n
N
the throughput from zero to log(1 + n=1 g̃in −1 Pn ) and, power constraints of BSs. Considering three base stations
consequently, increase the system throughput.
NTherefore, in with different mapped transmission powers, Figs. 2 and 3
the optimal case we have Ri1 ...iN = log(1 + n=1 g̃in −1 Pn ). respectively demonstrate the system throughput for RayleighNote that, according to (6), this is the lowest possible rate that fading and Nakagami channels as a function of number of
can be considered for a given set of quantization indices.
feedback bits. Further, the system throughput with perfect CSI
Using the theorem, the other parameters such as the quan- at the BSs, i.e., (12), is considered as the system performance
tization boundaries and the transmission rates for the case upper bound. In each point, the triple (b1 , b2 , b3 ) shows the
where the channels fall in the first quantization regions can be optimal bit allocation maximizing the system throughput, i.e.,
optimized, in terms of throughput, numerically. Finally, it is (11). These values have been determined by exhaustive search
worth noting that considering a single base station, the theorem among all possible bit allocation strategies. Then, Fig. 4
studies the effect of BSs distances from the user on the system
is reduced to the results obtained in [20].
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Figure 2. System throughput vs number of feedback bits, 3 base stations,
Rayleigh fading channel. The triple (b1 , b2 , b3 ) represents the number of
feedback bits optimally distributed between the base stations.
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Figure 3. System throughput vs number of feedback bits, 3 base stations,
Nakagami-2 gain distributions. The triple (b1 , b2 , b3 ) represents the number
of feedback bits optimally distributed between the base stations.
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throughput. For this reason, a distance factor α is considered
where, while the first BS power is kept fixed, the other BSs
32
powers change as (P2 , P3 ) = ( 32
3 −α, α), α ∈ [0, 3 ]. Finally,
in order to evaluate the effect of base stations cooperation, Fig.
5 compares the results with the case where the data is transmitted from a single base station. To have a fair comparison,
the number of quantization bits and the transmission power of
the single transmitter are assumed to be the sum of the three
cooperative base stations feedback bits and powers.
Simulation results show that:
• Considerable performance improvement can be achieved
by using joint transmission CoMP with limited number of
feedback bits, particularly when the fading severity is not
too high (Nakagami distribution, Fig. 3). For instance, for
both Nakagami and Rayleigh-fading channels, 95 percent
of the system full-CSI throughput is reached by 3 bits per
base station feedback.
• The effect of optimal bit allocation becomes more important when the user experiences different channel qualities
from the BSs, i.e., the user is close to the CoMP cluster
edge area (Figs. 2 and 3, for the case of P1 = 1, P2 =
3, P3 = 12). However, this effect diminishes when the
channel qualities are the same, that is, the user is close
to the CoMP cluster center area.
• Higher system throughput is achieved when the channel
qualities are (almost) the same (Figs. 2-4). This point
emphasizes the positive effect of power allocation on the
system performance. Specifically, the channel inversion
technique [11], where the powers are distributed such
that the base stations have the same contribution on the
received SINR, seems to be efficient.
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the case of three base stations, they are assumed to have transmission powers
P1 = 2, P2 = 6, P3 = 8 and the single base station transmits the data with
power P = 16. For the cooperative base stations, the bit allocation strategy
is decided based on Figs. 2 and 3.

•

•

In harmony with practical schemes [8], the simulation
results show that in almost all cases the optimal bit allocation matches the one obtained by the Zonal sampling
approach [25] (Figs. 2-4). This is a simple and efficient
technique which distributes the bits based on the channel
variances (here, base stations mapped transmission powers). Starting from the element with highest power, one
bit is given to the component with the highest power and
then its power is divided by 4. This procedure continues
until all available feedback bits are distributed. Thus, in
order to have the highest throughput, the base station with
the best channel should get the largest proportion of the
feedback bits (Figs. 2-4).
In all cases, considerable performance improvement is
achieved via base station cooperation (Fig. 5). Intuitively,
this is due to the fact that in a system with a number of
base stations experiencing independent fading conditions
it is more likely that, at any time instant, some of the
channels experience good channel quality. Therefore, the
data transmission efficiency can be improved by always
communicating through the best base stations.
V. C ONCLUSION

The aim of this paper is to investigate the data transmission
efficiency of coordinated multi-point systems in the presence
of limited channel quality information feedback. The results
are obtained for block-fading channels. It is shown through
simulations that considerable performance improvement is
achieved via limited number of feedback bits per base station,
particularly when the fading is not too severe. The effect of
optimal bit allocation becomes more important for the user
located in cluster edge areas. Utilizing quantized CSI, the
maximum throughput is obtained when the data is transmitted
with a rate corresponding to the worst (lowest) gains within
the quantization regions, except if the channels fall in their first

quantization regions. Moreover, the standard Zonal sampling
approach, which allocates a larger proportion of the feedback
bits to the best channels, matches the best bit allocation
strategy in many cases, maximizing the system throughput.
Finally, evaluating the effect of power allocation on the system
throughput is left for the future.
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