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Abstract—In this paper, we analyze the feedback overhead
of channel direction information for downlink coherent base
station (BS) cooperative transmission. The per-cell codebooks
are considered, which are of practice importance. Instead of
analyzing the required number of bits for feedback to keep a
constant rate loss, we analyze the required overhead to ensure
a target average signal-to-interference-plus-noise ratio (SINR) of
each user. To this end, we formulate an optimization problem of
bit allocation among the codebooks for local and cross channels
that minimizes the total number of bits under the constraint of
the average SINR, and find the explicit expression of the solution.
We proceed to study the impact of various system parameters and
channel features on the overall feedback overhead. Analytical
and simulation results reveal that the overhead scales linearly
with the overall number of transmit antennas, but decreases
with the grow of the cell-edge signal-to-noise ratio. Moreover, the
overhead can be significantly reduced by exploiting the diverse
performance requirements of the users and the heterogeneous
channel features through allocating the number of bits for
feedback among multiple users and multiple per-cell links. This
provides useful insight for the feedback strategy design of BS
cooperation systems.

Index Terms—Coordinated multi-point transmission, feedback
overhead, per-cell codebook.

I. INTRODUCTION

ASE station (BS) cooperative transmission, called coor-

dinated multi-point (CoMP) transmission in Long Term
Evolution Advanced (LTE-A), is a promising strategy to
provide high spectrum efficiency for cellular systems [1,2].
Depending on the information shared among the BSs, CoMP
systems can be divided into CoMP joint processing (CoMP-
JP) (i.e., coherent BS cooperative transmission) and coordi-
nated beamforming (CoMP-CB) [3,4]. When both data and
channel state information (CSI) are shared, CoMP-JP with
multi-user (MU) multi-input multi-output (MIMO) precoding
can exploit the full benefit of downlink CoMP systems.

To support MU-MIMO CoMP-JP transmission, the coor-
dinated BSs need to obtain the downlink CSI for all users.
In frequency division duplexing (FDD) systems, the required
CSI at each BS is obtained through the uplink feedback of a
codeword index with limited number of bits. The performance
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of single-cell limited feedback MU-MIMO systems has been
extensively studied [5-7]. It was shown that the size of the
codebook for quantizing the channel direction information
(CDI) should grow linearly with the number of transmit
antennas and signal-to-noise ratio (SNR) to ensure a constant
rate loss. If we simply regard CoMP-JP as a single-cell MU-
MIMO system with more antennas, both its multiplexing gain
and feedback overhead will increase linearly with the number
of cooperated BSs with respect to the corresponding Non-
CoMP system. However, when the features of CoMP systems
and channels are taken into account, it remains unclear how
the feedback overhead scales with the system parameters, and
whether the performance gain can justify the large feedback
overhead.

CoMP-JP channel exhibits a unique structure, which is an
aggregation of multiple single-cell channels from the coopera-
tive BSs to each user. In general, the CoMP-JP channel is not
independent and identically distributed (i.i.d.), and its statistics
depends on the user’s location. Moreover, the dimension of the
CoMP-JP channel may vary in a system owing to the dynamic
forming of the cooperative cluster. Although it is optimal to
quantize the CoMP channel with a global codebook [8], a large
number of optimal codebooks should be generated to accom-
modate the different channel statistics for the users in various
locations. In practice, this is unrealistic since the complexity
to generate the codebooks and to search the codewords are
prohibited. Considering the unique features of the CoMP-JP
channels and systems, it is natural to quantize the CoMP-JP
channels with per-cell codebooks [9]. To provide a unified
approach of codeword selection for CoMP-JP, CoMP-CB and
Non-CoMP systems, the per-cell codewords are preferred to
be selected independently. Although a feedback strategy with
such structured codebooks and such a simple codeword selec-
tion is not optimal, it is scalable for large systems and of low
complexity for implementation [9,10], and its performance can
be improved by judiciously designing the codebook sizes for
the per-cell codebooks. Furthermore, the well-designed single-
cell codebooks can be reused, which is of practical importance
for the system backward compatibility.

In this paper, we strive to quantify the overhead of CDI
feedback for CoMP-JP precoding. All related works regarding
the feedback overhead analysis for CoMP focused on ensuring
a constant per-user rate loss, which actually concerns the
spectral efficiency of the system. In [4,11], the scaling law of
per-user feedback overhead of CoMP-CB system with either a
single user or multiple users in each cell was analyzed, where a
bit allocation among the desired and interference channels was
considered. However, the overheads of CoMP-CB and CoMP-
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JP systems differ, because CoMP-JP employs global CSI for
joint precoding at the BSs and CoMP-CB employs per-cell
CSI for individual precoding at each BS. In [9], the feedback
overhead of CoMP-JP systems with per-cell codebooks was
studied, where the codebook sizes for the per-cell CDIs are
equal. It is worthy to note that except for providing high
spectral efficiency, CoMP systems are expected to improve the
performance for all users, especially when they are located at
the cell edge. This implies that we can design the feedback
strategy on demand, i.e., satisfying the requirement of each
user, from another perspective.

To accommodate the system and channel features in prac-
tical CoMP systems, we will investigate how much feedback
overhead is required to quantize the global CDI of each user
to achieve its target performance. The contributions of this
paper are in two folds:

1) We derive the scaling law of feedback overhead of
CoMP-JP by finding the minimal number of bits for
quantizing the CDI of each user under the constraint of
the average single-to-interference-and-noise ratio (SINR),
where the per-cell codebooks and independent codeword
selection are considered. This is very different from the
existing feedback overhead analysis as in [4,5,9, 11],
where the scaling law was investigated to keep a constant
rate loss.

2) We analyze the impact of various system parameters on
the feedback overhead of CoMP-JP precoding, which
sheds light upon the feedback strategy design for prac-
tical systems. Our analysis suggests that the feedback
overhead of CoMP-JP will be dramatically reduced if the
diverse performance requirements of multiple users and
the non-i.i.d. feature of CoMP channels can be exploited.

The rest of the paper is organized as follows. Section II
introduces the system model. Section III analyzes the feedback
overhead. Simulations and conclusions are provided in Section
IV and V.

II. SYSTEM MODEL

Consider a CoMP-JP system, where N, BSs each equipped
with N, antennas cooperatively serve M single-antenna users,
and M < Ny N;. We assume that the CSI from the coordinated
BSs to the users are forwarded to a central unit (CU) via
backhaul links with unlimited capacity and zero latency. When
the backhaul is with limited capacity, other transmission strate-
gies should be applied instead of CoMP-JP, e.g., CoMP-CB
[3,4] or partial cooperation [12]. Therefore, different feedback
schemes should be designed, which are not considered in this
work. For simplicity, we refer CoMP-JP as CoMP in the rest
of the paper.

The global channel from all the BSs to the kth user, MSy,
can be expressed as

gr = owahi, . ann by ] ()

where oy, € R and hy, € CNe*1 are respectively the large

scale fading gain and small scale fading channel vector from
the bth BS, i.e., BSy, to MSy, the entries of hy, ;, are assumed as
ii.d. and zero-mean circularly symmetric complex Gaussian
with unit variance, and (-)7 denotes the transpose. The BS

who has the largest average channel gain with MSy,, say BS,, ,
is its local BS and all the other N, — 1 BSs are its cooperative
BSs. The channel from BS,, to MSy, is called local channel,
and the channels from the cooperative BSs to MSy, are referred
to as cross channels.

The data to be transmitted to all the users are d =
[d1,...,dn]T. Without loss of generality, we assume that
E{dd"} = I,;, where E{-} is the expectation operator, (-)
denotes the conjugate transpose, and I, represents an identity
matrix of dimension M. The received signal at MSy, is

M
Yk = gk vi/Drdy + ZFl ik giv/pid; +ng, (2

where v; € CNeNex1 and p; respectively represent the unit-

norm beamforming vector and the power allocated from all

the cooperative BSs to MS;, j = 1,..., M, and ny, is additive

white Gaussian noise (AWGN) with zero mean and variance
2

o

A. Finite Rate Feedback Model

Assume that each user has perfect knowledge of its global
channel vector. We consider the per-cell codebook based
limited feedback [9, 10], where each user (say, MSy) em-
ploys single-cell codebooks to separately quantize its per-cell
channels, hyp, b = 1,...,N;. We assume that the instan-
taneous norms of per-cell channels |kl & = 1,..., M,
b=1,..., Ny, are perfectly fed back, where || - || represents
the two-norm. Since the per-cell large scale channel gains oy p,
b=1,..., Ny, are slow varying variables, we assume that they
can be obtained at MSy, by averaging the received signals over
a certain period' and then fed back to the BSs. After MSy
quantizes each per-cell CDI BM, = hyp/||hip|l, it feeds back
the quantized version to its local BS. The cooperative BSs
forward their gathered CSI to the CU, who finally reconstructs
the global channels for all users.

When the per-cell codebook is employed, the per-cell
codewords can be selected either jointly to minimize the
quantization error of the global CDI, or independently to min-
imize the quantization error of each per-cell CDI. We consider
independent codeword selection [10], where the quantized per-
cell CDI is obtained at MS;, as

3)

> T H
hip = arg max |k ¢,
Cj Gck,b ’

which performs fairly well when phase ambiguity (PA) in-
formation, e/®s> £ ﬁgbﬁk7b/|ﬁgbﬁk7b|, is fed back. Cpp is
the per-cell codebook, which consists of unit norm codewords
¢; € CNexl) 4 = 1,...,2B5%" and B,glbjl is the number of
bits used to quantize the per-cell CDI BM,.

The PA is a phase rotation between each per-cell CDI and
each per-cell codeword. It does not affect the performance
of single-cell limited feedback MIMO systems [13], but
affects the performance of CoMP-JP systems with per-cell
codebooks, especially when independent codeword selection
is applied [10]. This is because the codeword selection in
(3) only maximizes the magnitude of ﬂkH’bcj, but ignores
the phase of it. As a result, even when the quantization

I'The period depends on the variation of the location and shadowing of a
mobile user.
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of per-cell CDIs are perfect, the quantized per-cell CDIs
will be phase-rotated versions of the per-cell CDIs, i.e.,
hiy = lizk_,be*jmvb, b=1,..., Ny If the random phases ¢y, 5,
b=1,..., Ny, are not fed back, after receiving the quantized
per-cell CDIs the CU reconstructs the global channel vector as
[k [l By e =9%00 o, B v, [ €703 )7,
which will differ from the true value of the global channel
vector shown in (1) and will lead to multiplicative quantization
error of the global CDI that hinders the co-phasing of
the coherent CoMP transmission. If the PA differences
Wk, b £ ¢k,b — ¢k,bk7b = 1, .. .,Nb,b 75 bk, can be fed back
with a few bits after scalar quantization, however, the CoMP
system will even outperform that using the joint codeword
selection without PA feedback [10].

After MS; quantizes the per-cell CDIs and the PA differ-
ences, it feeds back the indices of the selected codewords to its
local BS. Then all cooperative BSs send the gathered CSI to
the CU, who reconstructs the quantized version of the global
channel of MS;, as follows

. T T
9 = |k llhi by €0 ey by Ry gy - -

~T . T
ak-,Nthk,Nb||hk,Nb€jWk’Nb ) 4

where Wy, , is the quantized PA difference, b =1,..., Ny, b #
by, with which the PA can be compensated.

Define sin® 6y, = 1 — |B£bﬂk7b|2, which is the instanta-
neous per-cell CDI quantization error. We consider random
vector quantization (RVQ) for the tractability of analysis.
Any well-designed codebooks will be superior to the RVQ
codebook. From [5], the per-cell CDI can be expressed as

iizk_,b = COS 9k7b8j¢k'bilk,b + sin Hk,bsk_,b, 5)

where s;;, € CY*! is a unit norm vector isotropically
distributed in the null space of hjp [5], and ¢y is the PA
uniformly distributed within [—7, 7] [13].
Then from (1) and (4), the global channel can be expressed
as
gr = 2% Dyg, + sg,, ©6)

where Dy, = diag{cos 0y 167291 Iy, ..., cos Ok b, In,, ..,
cos Oy, NbeJAwk’Nb Iy,} is a multiplicative error that comes
from the quantization errors of the PA differences
Awk7b = Wkb — of)k,b, b = 1, ey Nb, b 75 bk,
diag{-} is diagonalization operation, and sg, =
ok, 8in O 1 1 [ISE s - - v, Sin Ok, v, ([, v, 187, )™

is an additive error that is caused by the quantization error of
the per-cell CDIs.

Since RVQ is use% to quantize the per-cell CDI, we have
B ‘DI

E{sin? Oppt < ZT&? [5]. When uniform quantization is
applied to quantize the PA difference, we have E{Awy ,} =0
2 PA

and E{|Awy |*} = Z-272Pko [8], where B,E% is the number
of bits used by MSj; to quantize wyy. Considering that
agpllhesl, b=1,...,Np,k = 1,..., M, are known at the
cooperative BSs, the CU can compute the statistics of s4, and
Dy, with BEDT and B}%, and then the CU can estimate the
SINR of MSy,. '

The feature of CoMP channels implies that different users
need different numbers of bits for quantization to achieve the

same channel quality. It is worthy to note that the distortion
of the received CDI at the BSs also depends on the condition
of feedback channels, which differ for multiple users [7]. This
suggests that the uplink bandwidth for each user to feed back
the same number of bits will differ if the user is allowed to
select preferred modulation and coding according to its uplink
SNR. Nonetheless, for easy implementation, prevalent systems
simply apply low-rate coding and low-order modulation to
ensure the reliability of the channel feedback, no matter if the
feedback channel is in good condition. As a first attempt to
analyze the minimal feedback overhead for CoMP, we restrict
ourselves to analyze the impact of the channel quantization,
i.e., the required number of bits, rather than the required
uplink bandwidth for feedback. The assumption behind such
an analysis is error-free uplink transmission for feedback.

B. Multi-cell Scheduling and Precoding

With the reconstructed global channels of all users, the CU
selects M users to serve in the same time-frequency resource
with multi-cell MU-MIMO precoding. Spatial scheduling has
a large impact on the performance of MU-MIMO systems by
increasing the received signal power as well as by improving
the performance of the precoding. In limited feedback systems,
such a gain of user selection largely depends on the channel
quality information (CQI) and incurs huge overhead [14].
For CoMP systems, it is an on-going research topic about
how to reduce the feedback overhead for scheduling. One
possibility is using a two-stage feedback [15], where all
candidate users feed back a rough channel information for
scheduling in the first stage and only the selected users feed
back a refined channel information for beamforming in the
second stage. Another natural way is only serving the cell-
edge users with CoMP thereby only these users need to feed
back their channels to multiple BSs for multi-cell scheduling
and precoding. When these practical feedback schemes are
applied, one benefit of the scheduling, i.e., improving the
received signal power by selecting the users with large channel
gains, will lose in a large extent, while the other benefit
of scheduling, i.e., improving the precoding performance by
choosing the users with semi-orthogonal CDIs, will largely
remain. Therefore, as many related works in the literature
[4,5,7,9], we decouple the impact of multiuser scheduling
and precoding, and only study the feedback overhead of the
global CDI for precoding. To this end, we do not consider
any specific scheduling criterion. To show the impact of
scheduling on the performance of precoding, we will introduce
a parameter to reflect the orthogonality among the users as
shown later.

We consider a low complexity precoding structure, which
consists of a pseudo-inverse based zero forcing beamforming
(ZFBF) and a power allocation. Under sum power constraint,
such a ZFBF in conjunction with an optimal power allocation
that maximizes the sum rate has been proved to achieve
the maximal sum rate [16]. Under per-BS power constraint
(PBPC) in CoMP, this zero forcing (ZF) precoding has minor
performance loss from the optimal ZF precoding when there
are many users in each cell [17]. However, its performance
is very hard to analyze. In this paper, we consider a sub-
optimal but more tractable power constraint, which is the
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per-user power constraint (PUPC) [18]. It has been shown
that the ZFBF with power allocation under different power
constraints perform closely for large number of users [17].
We assume that the transmit powers of the BSs are all equal
to Py. Then the power allocated to MSy, is pr = Ny Py/M.
Denote G = [g,...,d,])" and V = CAJH(GC;‘H)“, then
the beamforming vector for MSy, is v, = V. (., k)/|[V (:, k)|,
where V (:, k) denotes the kth column of matrix V. We will
verify in Section IV by simulation that the feedback overhead
with PUPC is close to that with PBPC.

III. FEEDBACK OVERHEAD ANALYSIS OF COMP
TRANSMISSION

In this section, we first find the minimal overhead required
by each user to support a target quality of service (QoS). Then
we analyze the overall feedback overhead of the FDD CoMP
systems.

A. Minimal Feedback Overhead for Each User to Achieve the
Required QoS

A well-known approach of analyzing the feedback overhead
is to find a connection of the average per-user rate loss with
the codebook size [5]. However, no closed-form expression
is available for the ergodic per-user rate even for single-cell
MU-MIMO systems. For i.i.d. channels, an upper bound of
the per-user rate loss was provided in [5]. Unfortunately, the
derived upper bound can not be extended to CoMP systems
whose channels are no longer i.i.d.. On the other hand, the
per-user rate loss is not able to be achieved in a real-world
system, because it was derived under an implicit assumption:
the BS and each user have the same knowledge of the SINR.
In MU-MIMO FDD systems, each user knows its own CSI
but is unaware of the precoding vectors for other users, while
the BS knows all the precoding vectors but does not see the
same CSI as the users. As a result, neither each user nor the
BS can accurately compute the downlink SINR experienced
by the user, and the user and BS “’see” different SINRs. This is
a fundamental challenge for designing limited feedback MU-
MIMO systems. In practice, the BS needs to estimate the SINR
with the quantized CSI as the CQI for scheduling multiple
users [14] and for adjusting their downlink transmission rates.

In this paper we employ an alternative approach to analyze
the overhead. Instead of finding the relationship of the per-
user rate loss and the codebook size, we derive the required
minimal feedback overhead of each user to achieve a target
SINR. To exploit the non-i.i.d. feature of CoMP channels and
the diverse QoS requirements of multiple users, we allow the
users to employ different overall number of bits for quantizing
their global CDIs and different codebook sizes for their local
and cross CDIs. Since the codebook sizes should not change
too frequently in case causing a large signaling overhead, we
find the minimal numbers of bits to achieve an average SINR.

We begin with estimating the SINR of each user at the
CU. The received power at MS; of the signals transmitted
from the cooperative BSs to MS; can be obtained from (2)
as qr; = 2222 |gHy |2 When j = k, gy is the received
power of the desired signal, otherwise it is the received
interference power. As we have explained, the CU can obtain
the statistics of the channel quantization errors Dy and sg,

with the knowledge of numbers of bits for quantizing the per-
cell CDIs and the PA differences. Considering that both the
quantized global channel vectors g,, and the precoding vectors
v; are available at the CU, the CU can obtain the minimum
mean square error (MMSE) estimate of the received power as

Ny P,
AMMSE b10 —
EDk;Sgk;‘i’k,bk {‘ ik, bkg Dk v;
+3 Rz

k.j M
Uj,.@k}
NbPO 2
= P {}gk Di'v)| }

NbPO H 2
+ N Es,, {|sgkvj| },
(N

where E,{-} represents the expectation over a random variable
x, the first equality comes by substituting (6) into the expres-
sion of g ;, and the second equality is derived by averaging
over ¢ p, .

Then the instantaneous received signal power and interfer-
ence power of MS; can be estimated at the CU as Sk =
GMSE and T, = Y3, ., GMMSE and the instantaneous
receive SINR of MS; can be estimated as 4, = iki—’i‘%.z

Denote the target SINR of MS;, as 7,?05. To remove the impact
of small scale fading channels on the feedback overhead,
we consider an average SINR requirement of MSy, ie.,
E{4r} > 7.

Proposition 1. The optimization problem that minimizes the
total number of bits for quantizing the global CDI of MSy
under the average SINR constraint can be formulated as

:

CDI
BCDI BPA Z + Zb 1,bbs k b (8a)
) No b1 73’?_*1*’)1
b.t. Ok - Zb:l Ak,b 2 Ne—1
Ne PAo—2BPA
- szl.b;ébk App2 00 20 (8b)
BIY' >0, b=1,..., Ny, (8¢c)
Bk >0, b=1,...,Np,b# b, (8d)

and the minimal numbers of bits for quantizing each per-cell
CDI and each PA difference are

+
BEP = (N, — 1) [1og2 AGDY log, (N, — 1)/\k] . (9a)

1 1 +
BYy = 3 [logy ATS —logy SAi] s b b, (90)
(e Ny + 72 ZJ Lz B, b)% b Ay =

)1 - Brp)og p Brp = % Cr =

1=1 ¥,

where ACDI =
Nt?(,uk + Y

Ny, 2 QoS Mal,c
N D22 Yt — Ve NP

the codebook size, py = E{|v 2

is a constant independent from

o H| } reflects the average

20% includes the power of noise and that of the other-cluster interference,

which is assumed available at the CU. It can be obtained by long term
interference measurement at MSy and then be fed back to the BSs with
negligible feedback overhead.
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orthogonality between the channel of MS;, and the subspace
spanned by the channels of its co-scheduled users, a large
value of pu; indicates a better orthogonality, )\, is the La-
grangian multiplier that should satisfy (8b), and [z]T =
max{0,x}.

Proof: See Appendix A. ]

(9a) and (9b) are in fact a bit allocation among the per-cell
codebooks and among the PA differences, which is similar to
the water-filling power allocation. AP reflects the impact of
the quantization error of the per-cell CDI from BS; to MS;,
lfzk_’b. When its value is large, more bits should be allocated
to quantize ﬁk,b. The same is true for the PA difference
quantization. Moreover, we can observe that the number of
bits depends on the value of ay, ;, as well as the values of Bk,b
and Bj,b (j # k), which respectively reflect the imbalance of
average per-cell channel gains of MS; and its co-scheduled
users.

It is worthy to note that all the parameters required for the
bit allocation only depend on the average channel information
(i.e., the locations of the desired and co-scheduled users) and
the system configuration (i.e., the number of cooperative BSs,
the number of antennas at each BS, the SNR, and the target
average SINR of each user). This suggests that in practice
the bit allocation can be implemented semi-dynamically. A
detailed procedure of the bit allocation can be found in Section
IV of [19], though the optimization problem there is different
from us.

To analyze how the feedback overhead scales with the
system parameters, in the following we find an explicit ex-
pression of the total number of feedback bits by removing
the Lagrangian multiplier. Consider BCDI >0 and B}:_% >0
This corresponds to the scenario where the cooperative set of
BSs for MSy, is well designed, such that all the per-cell CDIs
and PA differences need to be fed back. Then by substituting
(9a) and (9b) into (8b) and after some regular manipulations,
we can obtain A\, = A 1/2)

Note that the target éINR shou{d not exceed the maximal
average SINR with perfect CSI, otherwise it will not be
achievable. When perfect CSI is available at the BSs, the
MUI can be avoided by ZFBF, and the maximal SINR can be
achieved when the scheduled users are mutually orthogonal.
Define the cell-edge SNR as SNRegge = %azdge, where
Qedge and of are the large scale fading gain and the noise
variance of the cell-edge user, respectively. The cell-edge
SNR reflects the density of a cellular network. A Non-
CoMP system with higher cell-edge SNR is more interference-
limited, hence the corresponding CoMP system will provide
higher performance gain. Then the maximum average SINR
of MS;, with perfect CSI can be obtained as

,yll:erf A E{NbPO ||gk|2} _ NthPO Ny 2

M o} Mo? L1 "k
Ny 03 0‘%
— (N 22% SNReqge. (10)
( M O'I% =1 gdge ¢

Substituting the expression of )\ into (9a) and (9b) and
considering (10), we can obtain the total numbers of bits re-
spectively for quantizing the per-cell CDIs and PA differences
of MSy as follows

N,
CDI b CDI
Bk,sum = E b—1 Bk,b

Ny,
1 S
=(N: —1 § lo 1+—— Qo
(t )_1 gZ( N,uk

> m)

Jj=1,j#k
BRim(D
1/N,
e
b N ) togy TR0 oo,
Nb Zz 1O‘kz
B i @
+ No(N: — 1)1 ( L ) (11
o(Ne — 1)1ogy | ——F—o57 a7 |
L— o™ et
B im(®)

Ny
B _ E BPA
k,sum b=1,b£by, k,b

b (14

1
QoS
-

e ¥ )]

B tum (1)
1 &
t3 Z 1ogy (1 — Br,)Brp +Co ™
b=1,b£by
B um (2)

1
+ (Nb - 1)5 10g2 <1 _ QoS/ Perf) (12)
#k

BPA (3)

k,sum

7%}\(7]\?}\, 2);% and CJA =

[Nb(ZNt — 1) — 1]} are constants for a

where C§P! = Nb(Nt — 1) log,
(N — 1)5logy{ %
given system.

The minimal feedback overhead of MS, to achieve the
target SINR is By qum = B2l + BPA

k,sum k,sum*

B. Feedback Overhead Analysis for CoMP Transmission

In the following, we study the impact of CoMP channels
and system parameters on the feedback overhead. We will
emphasize the difference from single-cell systems, which
comes from the fact that the CoMP channels are non-i.i.d.
and the per-cell codebooks are employed.

1) Impact of the Numbers of Co-scheduled Users, Cooper-
ative BSs and Transmit Antennas : To connect with existing
results in single-cell MU-MIMO systems, we consider a group
of special users whose large scale fading gains are identical,
1€, Qg1 = -+ = Qp.N, £ Oledges K = 1,..., M. Since we
have assumed i.i.d. per-cell channels, we know from (1) that
the global channels of these users are also i.i.d.. We refer to
these users as the “exact cell-edge users”.

For an “exact cell-edge user” MSy, the value of the
term BEOL (2) in (11) reduces to zero. Moreover, we have

3Note that this is a mathematical definition to facilitate the comparison with
single-cell systems. In practice, when considering the path loss, shadowing
and sector antenna power gains, such a user may not be located at the exact
cell edge and may rarely appear.
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2 iy 1 ; ;
Brp = =y = ~ob=1,...,No, k=1,..., M, under where SNRed o = 10log;ySNReqge, (16) is obtained
1=1 %kt from substltutln 10) into (15), and C, = Np(N; —
which BERL (1) = Ny(N; — 1)log,(1 + 72" #-L-) and g (10) into (13), Comy o[ Ne

Blféum (2) = (Np—1)4 log, ]@21 By substituting these terms
into (11) and (12), the total number of feedback bits of MS;
can be obtained as

CDI
Bk sum 7Bk sum T Bk ,sum

M1
=Ny(N; — 1)1 14208
b( t )0g2< + Nthuk>

1 1 o
+(Nb—1)§10g2 <1+u—%? S)

1 1 1
+ (NbNt — N, — —) logy | ——gss—s—
2 2 1= L35y pet

+Ccdg07 (13)

where Ceqge = C§P' + BEAL(2) + CFA = Nb(Nt -
Nyp(Ny 7'r

1) logy MANEEE (N, —1) 4 log, [ %22 (2N, —1- 54|

is a constant for a given system.

From (13) we can observe that, since we do not assume
full spatial multiplexing as in [5], the overhead we obtained
increases with the number of co-scheduled users M for a given
target SINR. This is because when M increases, the power
allocated to MS;, will be reduced due to the power constraint
at the BSs and the PUPC. At the same time, the interference
generated to MS;, will increase. To achieve the target SINR,
more bits should be allocated to the users for reducing the
MUL

To analyze the scaling law of the feedback overhead from
(13) and connect with the single-cell result derived in [5],
define RES 2 logy(1 + meybet) — logy(1 + 72°°%) =~

Perf
log, (” b ), where the approximation is accurate when
s

the values of ons and 4yt are large.* Then, ’yQOS =
uk"yporf / 2R Note that RLOSS is not a rate loss. Nonethe-
less, it is an upper bound of the average rate loss considering
the Jensen’s inequity. We further consider full multiplexing as
in [5], i.e., M = Ny N;. Then for the high target SINR -y, OS,
the feedback overhead of MSy can be approximated as

1 QoS
1 1 Loy
Bl,sum ~ (NbNt — =N — —> log, ( Mk - )
2 2 i 7]? /,yPerf

Perf

NyN; —
+ Nb 1Og2 < N Nt ) + Codgo (14)
1 Perf
(NbNt — —Nb 5) log, <2RLO<S _ 1)
Ny Ny —
Ny(Ny — 1)1 Codge 15
+ b t Og < NN, ) + Cedg (15)
1 SNRe .+ 10log;, N
(NbNt - —Nb 5) & B
— log, (27" — 1)] + Ccomp,

(16)

4l—hgh Perf was implicitly assumed for the scaling law analysis in [5]
because hlgh power region was considered. To achieve a constant rate loss,
S should also be high.

1) log, gN ]1’\,]:]’5\,:1) + Cedge 18 a constant for a given system.

It follows that the per-user feedback overhead of CoMP
systems needs to scale linearly with the cell-edge SNR to
keep a constant value of R}, and the scaling slope is
NyNy — AN, — 3. According to the analysis for single-cell
MU-MIMO systems [5,20], for a channel vector with NV
complex dimensions, the scaling slope is N, N — 1 because
the norm and the PA of the channel vector are unnecessary
for ZFBF. The reduction of the slope % in CoMP comes
from the fact that we do not consider the overhead to quan-
tize the NV, per-cell channel norms, each of which is of %
complex dimension, and one PA in CoMP is unnecessary
to quantize such that % complex dimension is subtracted.
The term 10log;, Ny in the first term within the bracket
reflects the increased cell-edge SNR led by the coherent
cooperative transmission of the N, BSs. The term Ccomp
is an extra overhead compared with the single-cell results,
which is induced by the per-cell codebook. Under asymptotic
large regime of Ny, Coomp ~ (N — 1)% logﬂ%l\@) and is
negligible compared with the first term in (16).

2) Impact of the Non-i.i.d. Channels: In general CoMP
channels, the feedback overhead of MS;, depends on the large
scale fading gains of its per-cell channels a4, b =1,..., N,
as shown in BSPl (2) and BLA (2) in (11) and (12).

k,sum k,sum
In particular, since the geometric mean of a Vector is not

(Hl 1 g Z)I/Nb
larger than its arithmetic mean, we have N 5 = 1
Ny 2ei=1 %kl

which implies Bg?ulm(Z) < 0, where the equality holds

when ak 1= = O% N, This implies that the imbalance
of the per—cell channel gains of MSj can help reduce the
required codebook size for the per-cell CDIs. Similarly, we
have (1 — B, b)ﬂk p < [(1 — Brp + Bk,b)/2]2 = 1/4 which
indicates B}j‘:um@) < —(Np — 1), where the equality holds
when Brp = 1/2, b = 1,...,N;, b # bg. In practical
systems, the large scale fading gains of cross channels are
not larger than that of local channel, i.e., ak b < O% b, thus
< 1/2, b # by, where the

o‘kb
= af o kby

Brp = ka -
=1 "k,l
equality of the last step holds when o o = =a? kb - This implies
that the heterogeneous per-cell channel gains can also help
reduce the number of bits for feeding back the PAs.
The numbers of bits for feeding back the per-cell CDIs
of MSj, also depend on the large scale fading gains of its
co-scheduled users, which is reflected in 3 1n the term

B,SEulm( ) of (11), whose impact is weighted by *yk

When the target SINR *yQOS is low, the term BkC]SDuIm
be approximated as

Ny 1 ]. oS
B~V = ) 3 @ S
Ny—11

Ny (M
where the approximation is obtained by considering that
logy(1 + ) ~ « for small value of x, and the last step is
derived from the fact that Eé\il Bip = 1.

We can observe that in this case the feedback overhead
is independent of the channel imbalance of the co-scheduled

(1) can

S
17,28,

a7)
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users.
When the target SINR is high, the term can be approximated
as

Ny 'YQOS M B
Biam() & (Ne = 1)) Jlogy | 25— > Fjn | (18)
b—1 kS ok
QoS
=Ny(N¢ — 1) log, <Xiuk> + (Nt — 1) logy I,
(19)

where I'y, = 117\21(23']\11,#1@ Bj»), and the approximation is
from ignoring “1” in the log,(-) function and is accurate for
large value of 725,

Again, considering that the geometric mean of a vector
is not larger than its arithmetic mean, we have I'y <
(U/Ny 52520 52500 e i)™ = (M = 1)/ N, ™, where the
fact Z{f;l Bip = 1is applied and T’y achieves its maximal
value when Zj]\im#k Bip = - = Zj]\im# Bj.n,- To
gain useful insight, we consider two extreme scenarios. When
only one user is co-scheduled with MSy, 'y achieves its
maximal value when 31 = - -+ = f3; n,, Which is equivalent

to a2, = ... = a?’ n,- This implies that the channel

J)1
imbalance of its co-scheduled user, MS;, helps reduce the
feedback overhead of the desired user. When the number of
co-scheduled users of MS;, tends to infinity and all the users

are randomly distributed in the cogperative region, the value
of Zjlvil,j;&k Bip = ij\iL#k ﬁ tends to be a constant
according to the law of large numbers. This suggests that when
the number of users increases, the impact of the locations of
the co-scheduled users will vanish. The numerical results in
Section IV will show that the number of users do not need to
be too large.

3) Impact of the Target SINR and Cell-edge SNR: From
BEPL (3) and BE2  (3) we see that the overhead is mono-

k,sum k,sum
tonically increasing with 'y,?os and decreasing with 'y,E’erf.

When 7% < 4P, the values of both By, (3) and
Bi4,m(3) approach 0, and the feedback overhead scales

logarithmically with the target SINR. When the values of 7,?08

and y}°" are on the same order, the values of Bf'L! (3) and

B} (3) will dominate the total feedback overhead and their
values will approach infinity rapidly as %(305 — *y}:”f. This
implies that the target SINR of a user should not be close to
the maximal SINR with perfect CSI, otherwise its feedback
overhead will soon become unacceptable.

The per-user feedback overhead depends on the cell-edge
SNR, which is included in the expression of ~; ' as shown
in (10). When the cell-edge SNR increases, the value of
yPert will increase accordingly, and the feedback overhead
of a user to support a given target SINR will reduce. This
seems to be contrary to the analysis for single-cell systems
[5], where the overhead should increase linearly with SNR.
The inconsistence comes from the different design criteria.
The required overhead in [5] is to ensure a constant rate loss,
which corresponds to increase the QoS requirement when the
cell-edge SNR grows according to our analysis in Section
III.B.1), but what we analyzed is the minimal overhead to

ensure a given QoS.

As will be shown later, allocating the total number of
feedback bits to each user according to its required QoS can
reduce the overall feedback overhead. Designing a feedback
strategy to ensure a constant rate loss is spectrally efficient for
downlink transmission, which however demands more uplink
resource for the channel feedback [5]. By contrast, if we
design a feedback strategy just to support the required QoS
of each user, the overall feedback overhead will be reduced,
which provides a good trade-off between the usage of the
uplink and downlink resources.

IV. NUMERICAL AND SIMULATION RESULTS

In this section, we will verify our previous analytical results
and analyze the required feedback overhead of CoMP system
through numerical and simulation results.

The cell-edge SNR is set as 15 dB [21].> The code-
books used for quantizing the per-cell CDIs are generated
by RVQ. In the simulation, the path-loss model is PLIE =
35.3 + 37.61og;((dk,»), which is employed in 3GPP LTE,
where dy, ;, (in meter) is the distance between MS; and BS,.
All simulation results are obtained by averaging over 5000
realizations of the small scale i.i.d. Rayleigh fading channels.
We consider random user scheduling in the simulation unless
otherwise specified, where the value of uy in (11) and (12) is
(NyNy— M +1)/(NypNy) [22]. When orthogonal scheduling is
considered, p, = 1. In practice, (NyN; — M +1)/(NpNy) <
i < 1 since any well-designed scheduler will provide better
average orthogonality than the random scheduler. Though our
analytical results are applicable for general cases with arbitrary
number of cooperative BSs, except for the last figure, we
consider a simple but fundamental scenario with two cells,
each has a group of users with the same number, and the two
user-groups are symmetrically located at the cell-edge region,
as shown in Fig. 1. That is to say, all users have identical
distance with their local BSs. In this way we only need to
show the performance of one user.

To show that our analysis using PUPC is also valid under
practical power constraint, we consider PBPC in the simula-
tions unless otherwise specified, where we employ the optimal
power allocation that maximizes the sum rate under PBPC
constraint [23].

All the simulation results in the sequel are obtained in the
following way. We first find the total number of bits required
by each user from (11) and (12) for a given ,y]?os' Then
we simulate the average SINR that can be achieved by the
concerned feedback scheme with this bit number, such that
all schemes for comparison have identical total number of
bits for each user.

A. Validation of the Analytical Analysis

Before we analyze the feedback overhead of the CoMP
systems employing the minimal number of bits provided in
Proposition 1, we first show the impact of the approximations
introduced in the appendix, the impact of the assumption of
PUPC and the approximations applied for the scaling law

5Tn [21], 20 dB was shown as a reasonable cell-edge SNR, which captures
various settings in typical outdoor cellular networks. We set 5 dB lower since
we take inter-cluster interference into account and treat it as AWGN.
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Fig. 1. An example of CoMP system, where the solid lines denote local
channels while the dash lines denote cross channels of the users. The cell
radius is 250 m. The users in the same cell are located in the same place,
and the users are located on the line connecting the two BSs, such that the
users with 0 dB and 6 dB channel energy imbalance are respectively located
with 250 m and 205 m from their local BSs.

45
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Fig. 2. Per-user average SINR versus the number of bits for the per-cell

CDI. Ny = 2. The bits for local CDI and cross CDI are identical, and the
bits for PA are set as the half of those for per-cell CDI. The curves with
legend *Simu.’ is the simulated SINR, and the curves with legend "Num.” are
numerically obtained from (A.20).

analysis. For concise, we evaluate the accuracy of the derived
average SINR as well as the resulting per-user feedback
overhead, instead of evaluating each of the approximations.

In Fig. 2 we compare the average SINR numerically ob-
tained from (A.20) (where PUPC was assumed and several
approximations were introduced) with the simulation results
obtained by PBPC. To show where the gap between the
numerical and simulation results comes from, we also provide
the simulation result obtained under PUPC for the case where
of 1/o3 5 =6 dB, Ny = 4 and M = 4. The results of other
scenarios are similar, which are omitted for providing a clear
figure. We can observe that the simulated result under the
PUPC almost overlaps with that obtained with PBPC, which
indicates that the gap is not caused by the PUPC assumption.
Comparing the simulation results with the numerical results,
we can see that the derived SINR is a lower bound of the
simulated SINR, because we use a lower bound of the signal
power in (A.12) and an upper bound of the interference power
in (A.17), which become tight when the number of feedback
bits increases.

In Fig. 3 we compare the per-user feedback overhead
numerically obtained from (11) and (12) with the simulation
results, from which we can further observe the impact of the

80 T

2,2
—5—0(111/(1112:0 dB (Num.

)
701 = @ =2 /o2 =0 dB (Simu.)
)
)

1,171,2
2, 2
i —_— 0(111/0(112:6 dB (Num.

2,2 .
- -oc1y1/ot112:6dB(S|mu

40

20t -
Feasible <
Region o

Required Number of Bits for Each User

Fig. 3. Per-user feedback overhead versus the target SINR. N =2, Ny =4,
M = 4. The curves with legend ’Simu.’ is the simulated results under PBPC,
and the curves with legend ’Num.” are numerically obtained from (11) and
(12) with the assumption of PUPC.

lower bound of the average SINR on the overhead analysis. We
can see that the numerical results are close to the simulation
results, and the numerical feedback overhead exceeds the sim-
ulated feedback overhead, which comes from the application
of average SINR lower bound in (A.20). Furthermore, we
can observe that for a given target SINR, the numbers of
feedback bits of the users at different locations differ. For a
given location of a user, the number of bits increases with the
target SINR. The feedback overhead is more sensitive to the
target QoS than the location.

In Fig. 4 we compare the numerical results of the term

K bin (1) in (11), its approximations under low target SINR
in (17) and high target SINR in (19). We can see that the
approximated value in (17) is close to the true value under low
target SINR (e.g., less than 8 dB), and the channel imbalance
of a co-scheduled user has no impact on the results, which
verifies our analysis. With the increase of the target SINR,
the approximated value in (19) approaches the true value, and
the channel imbalance of the co-scheduled user helps reduce
the feedback overhead of the desired MS. This also agrees
with our analysis.

B. Comparison with Other Feedback Schemes

In Fig. 5 we compare the overhead of the optimal bit
allocation based per-cell quantization scheme with a global
quantization scheme, and several other per-cell codebook
based schemes that employ independent codeword selection.
The global codebook obtained from generalized Lloyd algo-
rithm provides near-optimal performance, but the complexity
of the codebook generation is prohibitive when the number of
bits is large. For a fair comparison, we employ RVQ for the
global quantization, which can be simulated easily using the
statistics of its quantization error [5]. Because the available
statistics of the quantization error with RVQ are obtained
under the assumption of i.i.d. channels, we consider the “exact
cell-edge” users, whose global channels are i.i.d. as well. In
this case, the overhead using the global codebook in CoMP
systems is the same as the overhead of an isolated single-cell
MU-MIMO system with a N, N;-antenna BS.
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Fig. 4. Values of Bgls?ulm( 1) versus the target SINR of an “exact cell-edge
user”. Ny =2, Nt = 21, M = 2, where a co-scheduled user is with either 0
dB or 6 dB channel imbalance.

The simulation results for the feedback scheme with min-
imal overhead is obtained from the optimal bit allocation in
(9a) and (9b) and with legend “PBA w/ PA and w/ norms”,
where the per-cell norms are assumed perfectly known at the
CU whose overhead is not taken into account. The simulation
results of all the other schemes are obtained with the same
total number of bits for each user as the scheme with minimal
overhead. To observe the impact of the per-cell channel norm
feedback, we simulate a feedback scheme where the bit
allocation is also optimal but the global CDI is re-constructed
at the CU without using the per-cell norms, who is with legend
“PBA w/ PA and w/o norms”. We see that the performance
loss led by not using per-cell norms is minor. By comparing
this result with that of the global codebook where the per-cell
channel norms have been implicitly quantized, we can also see
how far the overhead of the structured codebook is from the
global codebook. To observe the impact of the PA feedback,
we provide simulation results of equal bit allocation between
per-cell CDIs with O bit, 2 bits and 4 bits for PA feedback,
where the per-cell channel norms are perfectly known at the
CU. As expected, the performance is dramatically degraded
without any PA feedback. These results verify the rationality
to include the PA but exclude the per-cell channel norms in
the feedback budget.

C. Impact of the User Location on the Total Feedback Bits
and Bit Allocation

It is widely recognized that cell-edge users should be served
with CoMP to justify the extra cost and overhead. Nonetheless,
these users are not necessarily the “exact cell-edge users” we
defined.

In Fig. 6, we illustrate the impact of user location on the
per-user total number of feedback bits and the bit allocation
among per-cell CDIs and PA difference with numerical results,
which are obtained from (11) and (12). Two user-groups are
considered but they are no longer symmetrically located. We
can observe that the increase of the channel imbalance of the
desired user, MS1, leads to a reduction of its total number of
feedback bits. When two BSs serve only two users, the channel

Required Number of Bits for Each User

—&— EBA, wio PA, w/ Norms
=—©— EBA, 4bits PA, w/ Norms
=+ EBA, 2bits PA, w/ Norms
—— PBA, w/ PA, w/ Norms

—&— PBA, w/ PA, w/o Norms
—&— PBA, w/ PA, w/ Norms
—#— Global Quantization

"

Required Number of Bits for Each User

%, (@8) 4 (@®)

Fig. 5. Per-user feedback overhead versus the target SINR of the “exact
cell-edge users”. N, = 2, Ny =4, M = 4. The legend 'PBA’ denotes the
result obtained from the optimal bit allocation in (9a) and (9b), and ’EBA’
represents equal bit allocation among the per-cell CDIs. The legend *w/ PA’
represents the scheme where the PA difference is fed back, and those ’w/o
PA’, °2 bits PA’ and ’4 bits PA’ respectively stand for the schemes with O bit,
2 bits and 4 bits for the PA feedback.
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Fig. 6. Required total number of bits and the numbers of bits for the per-
cell CDIs and PA for a user in cell 1, i.e., MS;. Ny = 2, Ny = 4. The
increase of a% 2/o¢§ , in z-axis represents the users in cell 2 moving from
cell edge towards cell center. Similar representation holds for the channel
energy imbalances of the users in cell 1, i.e., a% 1/ a% 5. To show the impact
of the active user number on the bit allocation between per-cell CDIs, we
ensure the numbers of bits for different values of M to be similar, then the
target SINR of each user are respectively set as 12 dB, 6 dB and 2 dB for
M =2,46.

imbalance of MS, also leads to a feedback overhead reduction
of MS;. When the number of users grows, the impact of the
channel imbalance of the co-scheduled users of MS; vanishes.
This validates our former analysis.

D. Feedback Overhead of CoMP for Achieving n-fold of SINR
of Non-CoMP

Considering that MSy, is expected to achieve better perfor-
mance under CoMP than Non-CoMP, here we set v, o8 _
nYNC, where yNC is the average SINR achieved under Non-
CoMP transmission.

In Fig. 7, we show how many more feedback bits are
required for CoMP to achieve 1 times higher SINR than
Non-CoMP, where the locations of users are given and the
simulation setup is the same as that considered in Fig. 3. For
Non-CoMP transmission, four bits are employed by each user
to quantize its CDI. In the simulation, we first obtain 7]1;10
by averaging over small scale fading channels, then the target
SINR of CoMP is set as *y,?os = nfy}jc, with which we can
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Fig. 7. Per-user feedback overhead ratio of CoMP over Non-CoMP versus

n. Ny =2, Nt = 4. With Non-CoMP transmission, four bits are applied for
quantizing the CDI of each user, i.e., BltNOHCOMP =4.

numerically obtain the total number of feedback bits from
(11) and (12). We can observe that the user located at the
“exact cell edge” requires minimal feedback bits for CoMP to
achieve 7-fold of the SINR over Non-CoMP. This seems to be
inconsistent with the previous results shown in Fig. 3, which
comes from the difference in the QoS requirement. When a
user is located at the “exact cell edge”, its SINR under Non-
CoMP is the lowest, thereby it is easy for CoMP to achieve
higher SINR than Non-CoMP. We can also observe that the
per-user feedback overhead when the number of scheduled
users, M, is 2 or 8 is larger than that in the cases when M is
4 or 6. This is because when M = 2, each cell has one user,
then there is no MUI in Non-CoMP and vY© is high. As a
result, more feedback bits are required for CoMP to achieve
the SINR enhancement. On the other hand, the overhead of
CoMP increases with the number of co-scheduled users M as
we analyzed in Section III.B.1). Consequently, more bits are
required to be fed back for the case M = 8.

Finally, in Fig. 8 we provide simulation results in a more
realistic setting. Three faced sectors form a cooperative cluster.
The sector antenna power gain is a function of the horizontal
angle ¢ (in degrees) follows LTE specification [24], i.e

AG™E =14 —min{12(£)2 20}, —m < ¢ < 7. The users are
randomly dlstnbuted in a “cell-edge region”, where for any

max i, L

MS;,
1=1,...,Np kl

randomly distributed user, its feedback overhead is obtained
numerically from (11) and (12). The results are obtained by
averaging over 50 random locations of the users. To show
the impact of the user scheduling, we consider both random
and orthogonal scheduling, which are obtained by setting
pr = (NpN: — M 4+ 1)/(NpN;) and py = 1, respectively.
To show the benefit of the bit allocation among the users
according to their required QoS and the bit allocation among
the per-cell CDIs according to the user location, we provide
the results of two conservative feedback schemes. One scheme
uses the optimal bit allocation for each user by setting the
target SINR as the highest ¥2°S among all users. The other
employs equal bit allocation for all the users, and the number
of bits is obtained for supporting the highest y2°5 of all

is less than a predefined value. For each
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Fig. 8. Per-user feedback overhead ratio of CoMP over Non-CoMP versus
n. Ny =3, Ny =4, M = 6 and Biti°o"“°MP = 4 The legends “PBA
for QoS of each user” and “PBA for highest QoS of all users” represent the
simulation results obtained from the optimal bit allocation in (9a) and (9b)
according to the required QoS of each user and according to the highest QoS
of all users. The legends “EBA + 4bits PA for QoS of each user” and “EBA +
4bits PA for highest QoS of all users” denote the simulation results obtained
from equal bit allocation among per-cell CDIs and 4 bits for PA according
to the QoS of each user and according to the highest QoS, respectively. To
ensure the required QoS of MS; with equal bit allocation, the bit numbers
for its per-cell CDIs are obtained from the optlmlzatlon problem shown 1n

(8) after introducing extra constraints B,glljl = = BODI and Bk b=

ko

users. The results show that to achieve the minimal feedback
overhead of CoMP systems, it is critical to allocate the number
of bits among different users and different per-cell CDIs.
Allocating the total number of bits for each user according
to its required QoS can significantly reduce the feedback
overhead relative to the conservative bit allocation.

V. CONCLUSIONS

In this paper, we analyzed the minimal feedback overhead
required for quantizing the channel direction information to
facilitate downlink precoding of coherent CoMP transmission
in order to ensure the required performance of each user. We
considered per-cell codebook based feedback strategy, which
is scalable and backward compatible, where a phase ambiguity
information is fed back and a low complexity independent
codeword selection is applied. Our analysis showed that to
support a target performance, the feedback overhead of each
user should increase with the overall number of antennas at
the cooperative BSs and increase with the decrease of the cell-
edge SNR. Through simulations, we validated the analysis
and showed how much more feedback overhead is required
for the CoMP system to provide a given performance gain
over the Non-CoMP system. Analytical and simulation results
showed that to reduce the overall feedback overhead of the
cooperative network, the bit allocation among multiple users is
critical by exploiting the difference in their performance gain,
and the bit allocation among per-cell codebooks is beneficial
by exploiting the imbalance of the average channel gains.
In practice, the feedback bit number can be allocated semi-
dynamically according to the number of cooperative BSs, the
number of antennas at each BS, the cell-edge SNR, the target
average SINR of each user, as well as the user location.
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APPENDIX A
PROOF OF PROPOSITION 1

We first show that the optimization problem that minimizes
the overhead of MSj, to achieve its target average SINR can be
formulated as the problem shown in (8). To this end, we will
derive the average SINR constraint in (8b). Then, we show
that the closed-form solution of the problem is (9).

A. Derivation of the Average SINR Constraint in (8b)

To obtain the per-user average SINR constraint, we will
first derive the expressions of the estimated instantaneous
received signal power Sk and interference power Ik of MSg,
with which the estimated instantaneous SINR can be obtained
as J, = i i 5. Then, we strive to derive the expression of
the average SINR E{4%}, from which constraint (8b) can be
derived. In order to obtain an explicit expression of the average
SINR for the tractability of the optimization, we introduce
some approximations in the following derivations.

Denote the angle between the ZFBF vector vy and the
quantlzatlon vector of global CDI g,, as 1. Then cos z/zk =

‘H!I

sini,e; by applying orthogonal expansion, where

and vy can be expressed as vy = cos ¢k Hg M +

i and
er € CNoNex1 are the two orthogonal basis, and e, iHsgka”unit-
norm vector distributed in the (/N;N; — 1)-dimensional null
space of g,.

From (7) we know that when j = k, Gy'a'5® is the MMSE
estimate of the signal power of MSy, i.e., Sy = GVMSE Then
the MMSE estimate of the signal power of MSy, can be derived
from (7) as

Q ~MMSE
Sk : k

NbPO NbPO

Ep, {|gi' Dl vsl*} + = Bs,, {Isg, vk}

(A.D)

@ NoFo + sin z/zkek) ‘2}

IEDk{ DH (cos z/J;.C
NbPO

M

g k”

H gy
Esgk { ’sgk (cos Vi IEAI

+ sin wkek) ‘2}
(A.2)

b Ny P 2
(N)COS ’(/Jk b OEDk{MQk D ’ }

Sk(1)
Ny

g, 12
+ cos? yy, 1 9k }

TR A

Sk(2)

(A.3)

where (g) is obtained by substituting the expression v, =
COS g, Tk Tg,q TSIt ek, and (b) comes by approximating the
dlrectlon of beamforming vector as the quantized global CDI,
i.e., siny = 0, under which the term sin ¥;ej, in (A.2) can be
ignored. This approximation is accurate when the quantized
global CDI of MS;, and that of its co-scheduled users are
nearly orthogonal.

By substituting the expression of g, and Dy, shown in (4)
and (6) into the expression of S;(1) in the right-hand side of

(A.3), we can obtain

1
19511

e 2 2 cos JAWE,b
+ Zb:Lb#bk ozk)b||hk_,b|\ cos Oy pe

}a?bk [P by, [1* cOS O 1,

gk (1) :]EAwk,b,ek,b {

)

(A4)

To simplify the notations and for the sake of clar-
ity, we define up = [ug1,...,urn, )P, with ug, =
O‘i,bﬂhme\\zcosek,b _ cx%\y]bnhk,szcosek’b and define Aw, 2 N

9l (St o [k t]12)1/27
—[Awa, ceey Awk7bk,1, 0, Awk7bk+1, ey Awk,Nb]H, whose
elements are the quantization errors of PA differences. Then
we can further express Sy,(1) as

Sk(l) :EAwk,b;Gk,b { ‘ (ejAwk )Huk |2}

jA H H _jA
:EAwk,b;Gk,b{(eJ wk) UrUg, e’ Wk}

(a)
NEAwk b,0% b{Awk [ukuk — dlag{'u,kuk 1Nb }:| Awk}

+ Eek b{|uk 1Nb| } (A.6)

5 [ Aol
Aw u
b=1 b;ﬁb Awk b,0k,b | k,b| kb
2 H
— Zb 1,bby, Awk 5,0k b{|Aka| uk.buk 1Nb}

Ny
T Zb 1 Z Eek 6,0k, a{uk Uk a} (A.7)

Z Z E{|Awk b| }]E9k 550k, u{uk bUE a}

b=1,b#by, a=1,a#b

Ny Ny
+) > Eoy .01 0 LUk bUL 0}
b=1 a=1 ’ ’

where (a) is obtained by approximating (A.5) as its second
order Taylor expansion. Similar approximation was applied in
Section VII of [25] with detailed derivation, which is omitted
here for brevity. (b) comes by considering E{Awy} =
1y, denotes the column vector of size N, with all elements
as 1.

(A.5)

(A.8)

The term Eg, , 9, , {ur ptr,q} in (A.8) can be derived as

Erbia = oy 0, o {Uk,ptna}

(a) 1 . 1 .
X B ollhk.allEo, .0, . {(1 —-5 sin” 0 ) (1 — 3 sin” Gk,a)}

BCDI
— 12 N’: I )
2 )

(a) comes from approximating

®) 1 BRR
R Broad allhnal* (1 - 527 %50 (A.9)
o keI
2&1 O‘i,z Hhk,ll‘\Q ’
cosfip = (1 — sin? Orp)2 as its first order Taylor expan-
sion, and (b) is obtained by omitting the high order term
%sin2 Ok b sin? Ok, and approximating E{sin? Orp} by its
upper bound with RVQ [5]. These approximations are accurate
when the codebook sizes are large.

where ﬁk,b =

Considering uniform scalar quantization for PA difference
and substituting (A.9) into (A.8) we have
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RORS SRR eEm
ZZﬂkbakaHhkall (1- g2 ™ - j2 o)
b=1a=1 2

7235’@ ZNb 2 2
a=1,a%b Bk,bak,a”hk a,”

B Zb 1,b£by,

) N 1 N BEDI
b
(: Za:l Oéi,a”hk,anz - 5 Z ’ Oék thk b” 2° Nt 1

1 Ny LEBI
— 52 Ohallba*2

2
™ Ny 2 2
3 > R O

CDI

N, _ Brp
=D ksl (1 -2 Nﬁ‘l)

2 My

—2BP4
k)27 TR0

T _ PA
—5 Y abullheslP( - B2 PR (A0)
b=1,b#by,
where (a) is because &ppo < ﬂk7baz)a”hk,a||2,
and (b) is  derived from two  facts: 1)
N N
Zb:bl ﬁk;b = 1’ and 2) Zabl a#bﬂk7baz,a||hk,a”2 =
af b l2 (12 0F i llhk,i 12 =03 4 llholl?) 21 —
21:1 kYL”hk,l”

Br.b)-

After substituting the expressions of g, and sg, shown in
(4) and (6), and considering the fact that the per-cell CDI
quantization error s, and the quantized per-cell CDI hy
are mutually orthogonal, the expression of Sk(Q) in the right
hand side of (A.3) can be derived as

)

(A.11)

$ akallbusl? snbusei s

N Sk,bhk,b
o (22 o llheal?)r/2

Sk(Q) = ]Esk,bvek,b {

=0.

With (A.3), (A.10) and (A.11), we can obtain a lower bound
of the MMSE estimate of the signal power for MSy, as

Ny CDI
A Ny P _Bre
5% = cos Ui JZ(JO >0 yllhwplP(1 - 27 1)
b=1
7T2 all PA
ST el (- B 272 | an)
b=1,bsby,

The MMSE estimate of the interference power of MS;, can
be obtained from (7) as

M

- R Ny P
i, = Z q}x[;\ASEZ bto

E g Dilv;|?
> S Ep (g Difv,[*)

I (1)
Ny P M
M j=1,j#k

Eoq, {Isgvs1%} . (A.13)

(2

The closed-form expressions of I;(1) and I, (2) are hard to
derive. Instead, we derive their upper bounds respectively in
the following.

The upper bound of term I;(1) can be derived as
2 (a) \M ~H
W) =3 Ep 19’ D Py v}

®) ~HpHpl M H
Epk{tr{P D' DI'Py Y o] }}

< AkmaXEDk{tr{P;kagkngDkHP;k }

(d) max ~ ~

= Ak EDk{ngDkHP;_kagk}

" gr 2
= N[ Ep, {61/ DI Digy} ~ X" Ep, { |2 Da | }
(€) ymax Ny —ﬂ
DX a2 - 27T

2 Ny

s _onpPA
SN Y bl (1 Brp) 272,
b=1,b#by,

)\maxs ( )

(A.14)

where A;’®* is the largest eigenvalue of matrix
ij\i17#kvjvf, (a) is because gy w; = 0 when ZFBF
is applied, then by defining Py = In,n, — g’g—gfk as the
orthogonal projection matrix of g,, v; can be e)lzpressed as
v; = Py vj, (b) is because tr{AB} = tr{BA}, and tr{-}
represents the trace of matrix, (c¢) is obtained by the fact that
tr{AB} < Ag**tr{A} for matrices A and B, and A" is the
largest eigenvalue of matrix B, (d) is owing to the fact that
(Pl )2 = P%, (e) comes from substituting the expressions
of g,~C and ﬁk shown in (4) and (6) and approximating
E{sin’#;} by its upper bound under RVQ, and the last
inequality comes after substituting the lower bound of Sy (1)
in (A.10).

The upper bound of term I;(2) in (A.13) can be derived as
M
Ix(2) = ZJ . ﬁek J {sgksgk tv;

1 M
W Bl|PE{sin® 0.5}
N Tt
(A.15)
(b) 1 b”h’ BCDI
A Z Z%b”h 12 % e
tj 1];ﬁkb 1 Jl”hﬂl”
< ﬁ Z Zakbnhkbn B2 N 1, (A.16)
j=1,7#k b=1
where (a) comes by considering the facts that

E{8k7b8kH)b} =
we can obtain
E{sg, 54" } = N%diag{ozi_’l||hk,1|\2E{sin2 Oc 1IN, - -,
|, || PE{sin? 9k7Nb}INt}, (b) is obtained from the
approximation sinty; = 0, which is accurate when the

quantized global CDI of MS; and that of its co-scheduled
users are nearly orthogonal, and (c) is because cos? Py < 1.

~;Lv, and E{s;, ps;’,} = On, for b # a, then

2
QL Ny

With (A.13), (A.14) and (A.16), we can obtain an upper
bound of the MMSE estimate of interference power for MSy,
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as C. Finding the Closed-form Solution Shown in (9)
M Ny BCDI The objective function in (8a) and the constraints in (8c)
sy oo 2 2 — kb opI PA T;
I;” = N M Z Zak7b”hk,b|| Bjp2 M- and (8d) are linear functions of B} and B; 3. It is easy
¢ Jj=1,j#k b=1 to show that the constraint in (8b) 1s convex with respect to
2 Ny BCDI and BL%. Therefore, this problem is convex and can
max T 2 2 —2BPA k,b .
FN XN = Z e pllPr,p (1 — Brp)2 "7k be solved from the Karush-Kuhun-Tucker (KKT) conditions,
b=1,b#by whose solution can be derived as in (9).

(A.17)

To derive a closed-form expression of the average SINR
E{A} for a tractable optimization, we consider the asymp-
totic regime with large N;. According to the law of large
numbers, we have lim |lhkp||> = Ni. Then, lim ﬂj,b =

t—>

oz2 - Ot
=it & By and hm |hipll? B = Nt$ =
1=1 %51 1= k !
N B,p. Similar to the proof in Proposition 8 in [26], we can
show that Nlim AR =1, which is omitted here for brevity.
+—00

This implies that lim cos?y = 1. Then the signal power

+—>00
and interference power in (A.12) and (A.17) become

. & NbPO N, BEP!
Sk lim é1\71,512000 S¢® ==V Zb:l k(1 —27 Nt*l)
3 —2Bp%
__Zb Lbtb oy (1= Brp) 2725k
Mo N E®
IS (RS B o S P e
k,lim Ni—so0 k w605,
J=1,j#k b=1
2
T Ny , e
+ Nt? Zb:l,b;ﬁbk ak,b(l — ﬁk,b)Z kb
(A.19)

Such an asymptotical analysis yields an explicit expression
for further optimization and analysis, but also removes the
impact of user scheduling. In practical systems with limited
transmit antennas, the quantized global CDIs of scheduled
users are hardly orthogonal. When ZFBF is applied, signal
power loss will be caused by projecting the channel of MS;, to
the null-space spanned by the CDIs of the co-scheduled users.
To reflect this impact, we introduce a parameter to reflect
the average orthogonality, u;, = E{cos?+}. Then we can
approximate the average SINR estimation as shown in (A.20)
at the top of next page.

With (A.20), the QoS requirement of E{y;} > 7Q°S
can be derived as the constraint in (8b) after some regular
manipulations.

B. Obtaining Constraint (8c) and (8d)

Because the number of bits should be non-negative and
integer-valued, we need exhaustive searching to find the opti-
mal solution, which however does not lead to a closed-form
solution. Therefore, we first ignore the integer constraint and
only consider the non-negative constraint as shown in (8c)
and (8d), then adjust the obtained non-integer bit number
to its nearest integer. Together with the constraint (8b), the
optimization problem can be formulated as (8).
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