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Abstract Coherent multi-cell cooperative transmission, also referred to as coordinated multi-point transmis-
sion (CoMP), is a promising strategy to provide high spectral efficiency for universal frequency reuse cellular
systems. To report the required channel information to the transmitter in frequency division duplexing systems,
limited feedback techniques are often applied. Considering that the average channel gains from multiple base
stations (BSs) to one mobile station are different and the number of cooperative BSs may be dynamic, it is nei-
ther flexible nor compatible to employ a large codebook to directly quantize the CoMP channel. In this paper,
we employ per-cell codebooks for quantizing local and cross channels. We first propose a codeword selection cri-
terion, aiming at maximizing an estimated data rate for each user. The proposed criterion can be applied for an
arbitrary number of receive antennas at each user and also for an arbitrary number of data streams transmitted
to each user. Considering that the resulting optimal per-cell codeword selection for CoMP channel is of high
complexity, we propose a serial codeword selection method, that has low complexity but yielding comparable
performance to that of the optimal codeword selection. We evaluate the proposed codeword selection criterion
and method using measured CoMP channels from an urban environment as well as simulations. The results

demonstrate significant performance gain as compared to an existing low-complexity method.

Keywords Base station cooperative transmission, channel quantization, limited feedback, codeword selection.

1 Introduction

Base station (BS) cooperative transmission, also known as coordinated multi-point transmission (CoMP) in Long
Term Evolution Advanced (LTE-A), is an effective way to avoid inter-cell interference in universal frequency reuse
cellular systems. CoMP joint processing (CoMP-JP) provides the full benefit of CoMP systems, if both data
and channel state information (CSI) can be obtained at a central unit (CU) [1, 2]. For simplicity, we refer to
CoMP-JP as CoMP in the following.

CoMP is often viewed as a large multiple-input and multiple-output (MIMO) system with a “super BS” (i.e.,
the CU). However, there are distinct features in CoMP channels and systems. CoMP channel is an aggregation of
multiple single-cell channels from the cooperative BSs to each user. Considering that the number of cooperating
BSs in a cluster may be dynamic, the dimension of the CoMP channel seen by a user may be dynamic. Further-
more, the average channel gains from different BSs to each user are different [2, 3], due to different antenna power
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gains, path loss and shadowing. As a result, the channels are no longer independent and identically distributed
(ii.d.) and the channel statistics of each user highly depend on its position.

Limited feedback techniques are widely applied for reporting CSI to transmitter in frequency division duplexing
(FDD) MIMO systems and have been extensively studied [4]. If conventional methods for single-cell systems are
directly applied to design the codebooks for high-dimensional channel matrices in CoMP systems, prohibitive
complexity is required to dynamically generate the location-dependent and cluster-dependent codebooks and to
search for the optimal codewords. Moreover, frequently re-generating large codebooks is neither flexible nor
compatible to existing systems.

In fact, since CoMP channel is an aggregation of multiple single-cell channels, we can reuse the codebook
designed for single-cell systems to separately quantize multiple single-cell channels in the global CoMP channel,
which is referred to as per-cell codebook quantization [3]. Though this does not yield the optimal codebook for
CoMP channel, it can reduce the complexity to generate the codebook as well as the complexity to select the
codeword.

In this paper, we study codeword selection for CoMP transmission with per-cell codebook quantization. We
first provide a unified codeword selection criterion to maximize an estimated data rate at the user side, which
can exploit the feature of CoMP channel, and can accommodate general cases with an arbitrary number of
receive antennas at each user and an arbitrary number of data streams transmitted to each user. Codeword
selection criteria and methods are well explored for single-cell limited feedback MIMO systems [5, 6, 7, 8, 9].
When each user is equipped with a single antenna and zero-forcing beamforming (ZFBF) is applied, or when
each user has multiple antennas and multiple data streams are transmitted to each user with zero-forcing block
diagonalization (ZFBD), a widely applied codeword selection criterion is to minimize the chordal distance between
the channel direction and the codeword [5, 6]. When multiple antennas are deployed at each user and a single
data stream is transmitted to each user, the codeword can be selected with various criteria [7, 8, 9]. It was shown
in [8, 9] that the codeword selection jointly designed with a receive combiner outperforms the method of finding
the codeword closest to the direction of singular vector corresponding to the maximum singular value of channel
matrix. Considering that the selection of per-cell codewords via exhaustive searching is of high complexity [3], we
proceed to propose a low complexity method which selects the codewords for per-cell channels in a serial manner.
Both simulation results and the results using measured CoMP channels in [10] show that the proposed codeword
selection method has minor performance loss from the optimal selection, and outperforms the low-complexity
codeword selection method proposed in [3].

To the best of our knowledge, there are few available works on the codeword selection for CoMP multi-
user MIMO (MU-MIMO) systems. A codeword selection method for CoMP MU-MIMO systems with per-cell
codebooks was proposed in [3]. Our work differs from those in [3] in three aspects: (1) codeword selection
criterion, (2) codeword construction method and (3) codeword selection method to reduce complexity. Due to
the first difference, our method can be applied for various numbers of the antennas and data streams at each
user, but the method in [3] can only be used when each user has multiple antennas and the received antennas do
not provide diversity gain. Due to the second difference, in general cases where the large scale fading gains of a
user are different, the proposed method can exploit the difference in the per-cell channel energies to improve the
performance of codeword selection. This is because the CoMP channel was normalized by the large scale fading
gains of per-cell channels to mimic an i.i.d. single-cell channel in [3]. As a result, the single-cell codeword selection
method in [6] can be applied, which selects per-cell codewords by minimizing the chordal distance between the
normalized CoMP channel and the aggregated codewords without large scale fading gains [3]. Finally, due to the
third difference, we can achieve the same performance as the method proposed in [3] with much lower complexity.
Simulation results demonstrate the performance gain of proposed codeword selection criterion and method over
that in [3].

Notations: (z)* and Re(z) denote the conjugate and real part of scalar x, respectively. (X)7 and (X)* denote
the transpose, and the conjugate transpose of matrix X, respectively. tr{X}, ||X|lr, and det{X} represent
the trace, Frobenius norm and determinant of matrix X, respectively. diag{-} is a diagonal matrix. E{-} is
the expectation operator. Iy and Oy denote an identity matrix of size N and a zero matrix of size N with
all elements as 0, respectively. x € CN(u,02) represents a random variable z following a complex Gaussian
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distribution with mean p and variance 02. £ denotes a definition operator.

2 System Models

Consider a cellular system with Ng BSs cooperatively serving K mobile stations (MSs). Each BS is equipped
with Nt antennas and each user is equipped with N antennas. The total number of antennas at all Ng BSs is
denoted as N3 £ NgNp.

The global channel matrix of MSy, is

H; = [ap 1 Hi 1, ..., v, He vy ] = HYRy, (1)

where oy, and Hy,, € CVNRXNT are respectively the large scale fading gain (including antenna power gain, path
loss and shadowing) and the small scale fading channel matrix between BS;, and MSg, HY = Hg1,...,Hg ] s
the aggregated small scale fading channel matrix, and Ry = diag{ax 1In,, ..., ar NzIN, }. It is shown from (1)
that the global CoMP channel resembles a special transmit spatially correlated channel. Specifically, the global
channel matrix Hy, can be regarded as the transformation of HY by Rj. To simplify the analysis and highlight
the feature of CoMP channels, we assume that the per-cell channels are uncorrelated, and each entry in Hy p
subjects to i.i.d. complex Gaussian random variables with zero mean and unit variance.

We consider linear precoding and denote the precoding matrix of all the cooperative BSs for MS; as Wy, €
CNr™xdy | = 1,... K, where di, < Ng is the number of data streams transmitted to MS,. Under the
assumption of Gaussian transmit signals and additive white Gaussian noise (AWGN), the achievable data rate
of MSj, can be expressed as [6]

K K
Ry, = log, det <a,31NR +) HW,WIH[ ) — log, det <a,31NR + Y. HW,W/Hf ) (2)

J=1 J=1,j#k

where a,% is the variance of each element of the noise vector. To achieve such a data rate, each user only decodes
its desired signal and treats co-user interference as noise, meanwhile, the dj data streams intended for MSy, are
jointly decoded by the maximum likelihood (ML) receiver [11].

2.1 Finite Rate Feedback Model

The required CSI at the BSs for precoding depends on the antenna configuration and the transmission schemes.
When the number of receive antennas is equal to the number of data streams and multi-cell ZEBD precoding
is applied, the spatial directions of global channel, i.e., the subspace spanned by the columns of Hy, are the
required CSI, which need to be quantized and fed back [3, 6]. When multiple antennas are equipped at each MS
and only a single data stream is transmitted to each MS by ZFBF, the channel matrix Hy can be combined into
an effective channel vector, which are quantized and fed back to the BSs [8, 9].

In this paper, we consider a unified channel quantization and feedback model, which is applicable for the
general case of an arbitrary number of data streams transmitted to each MS. Specifically, we assume that each
MS has perfect knowledge of its global channel matrix. Instead of sending back the full channel knowledge, MSy
can feed back an effective channel matrix H{f £ U Hj, € C**Nt™ to reduce the feedback overhead, where
U, € C%*Nr is a combining matrix that converts the global channel matrix with dimension Nz x NgNr into
the effective channel matrix with dimension d x NgNp . In order to ensure that the channel vectors in Hiﬂ
remains uncorrelated after combining, the combining matrix should be unitary matrix, i.e., UkUkH =1,

Note that the combining matrix Uy could be applied as the receiver for the desired signal during downlink
transmission. When multiple antennas are equipped at each user and only a single data stream is transmitted
to each user, i.e., Ng > 1 and dy = 1, the combining matrix reduces to a combining vector of size Nr and it
can be applied as the receiver [8, 9]. However, it was shown in [9] that such a receiver is inferior to the MMSE
receiver designed with the precoded channel HyWy. In this paper, we do not apply the combining matrix as the
receiver. As explained earlier, we consider the ML receiver to achieve the data rate shown in (2).



We consider the per-cell codebook based limited feedback [3] to quantize Hzﬂ. In particular, MS; employs
single-cell codebooks to separately quantize its per-cell effective channels, which are the effective channels from
all cooperated BSs, i.e., Hiffb = UyHp,b = 1,...,Np. We assume that the per-cell large scale channel gains
app, b=1,...,Np, can be obtained at MS;, by averaging over the received signals and be fed back to the BSs
with negligible overhead. After MSy quantizes each effective per-cell channel matrix Hzf’fb, it feeds back their
quantized version to its local BS, i.e., BS;,, whose received signal has the strongest energy. The cooperative BSs
forward their gathered CSI to the CU, who finally reconstructs the global channels for all MSs.

Denote the per-cell codebook for quantizing the effective channel matrix between MSy, and BS; as Cy p,, which
consists of 28 matrices in CW*N7 e, Vi ,(1),..., Vi p(28%t), where By is the number of feedback bits
allocated to quantize Hif_fb. For backward compatibility, we consider that the per-cell codewords are unitary
matrices [3, 6], i.e., Vk,b(j)V}Zb(j) =1, . Define the aggregated codeword for the global channel of MSy as

Vi(iks -tk ng) = [0k 1 Vi1 (ik1), -+ Ny VigNs (ikng )] = Vi (k1,5 ik N g )R (3)

where Vk,b(ik,b) € Crp, b=1,...,Np, Vz)(ik,l, . 7ik,NB) = [Vk71(ik,1), A (ikaB )] is the aggregated
codeword without large scale fading gains, which is the codeword for the aggregated small scale fading channel
matrix H} in (1). Analogous to the special transmit spatially correlated channel structure shown in (1), the
aggregated codeword for global channel can be viewed as a transformation of V}’(ix.1,...,% n5) by Ry.

The channel quantization of MSy is to find Ng codewords indices, i.e., {iz,p e ,iz,NB}, in the Ng per-cell
codebooks of MS, i.e., Cg 1,...,Ck Ny, according to some criterion, which will be addressed in Section 3. After
MS;, quantizes the effective channel matrices of all the per-cell channels, it feeds back the codeword indices to
its local BS, which requires By sum = Zé\fl By, p bits in total. Then all BSs send the channel information to the
CU, and the CU reconstructs the global channel of MSy as

HT = Vi(if g, ibng) = [0 Vit (i51)s - - 0koNg Vi (75 v,)]- (4)
2.2 Multi-cell Scheduling and Precoding

With the reconstructed global channels of all MSs, the CU selects M MSs to serve in the same time-frequency
resource with multi-cell ZFBD precoding. ZFBD is a linear precoder for downlink MU-MIMO systems, which has
been extensively studied for single-cell transmission [12]. In the special case of multiple-input and single-output
(MISO) broadcasting channel, ZFBD reduces to the well-known ZFBF. A major difference between multi-cell
ZFBD and single-cell ZEBD lies in the power constraint [13, 14]. While single-cell ZFBD has a sum power
constraint (SPC), multi-cell ZFBD should be designed with per-BS power constraint (PBPC). Considering that
the optimal ZFBD precoder with PBPC is of high complexity for practical application [14], herein we consider
a sub-optimal precoder proposed in [13]. In particular, the quantized channel matrices of all MSs are treated as
the true channels and the precoding matrix of MSy, is obtained as

W = BkMkA%a (5)

where By, € CNr " x(V =201 5219) is the orthonormal basis of the right null space of the matrix formed by
stacking all I:If;ﬂ, Vj # k, together. Specifically, define the effective quantized channel matrix of all MSs other

than MSy as I:I‘if§C = [I:IfiﬂH, ey I:IZfEIi,I:IEfﬂ, e ,I:I?\ZYH]H € C(Eierirn 4)XNF™  Then By is constructed by the

last (Ngw™ — Zle,j;ék d;) column vectors of the right-singular matrix of H® . M, € COVE™ =20 e di) X g
the matrix formed by the first dj, column vectors of the right singular matrix of I:I‘,iffB;€7 and Ay, € C% > is the
diagonal power allocation matrix of MS.

The sum-rate maximizing power allocation with PBPC can be founded numerically by convex optimization
tools [13], whose complexity is too high for practical use. In this paper, we consider equal power allocation,
which is suboptimal but more practical. We consider that the transmit powers of all BSs are the same, which

is denoted as Py. To meet PBPC, the transmit power of all users are scaled by a factor p as suggested in [13].
Np Py
Zf:1 dj

Then the power allocation matrix becomes Ay = p 14, , where the scaling factor u € (0,1) is given by
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. >, di/Ns . . . . . . .
p=, min m, C, is a block-diagonal matrix of dimension N3"™ x N3 with block size Nr, and
=1,...,.Np b2uj=1PiVllF

the b-th block is Iy, and other blocks are zeros, b=1,..., Np.

3 Codeword Selection Criterion

The optimal codeword selection should maximize the achievable data rate of MSy shown in (2). Nonetheless, the
actual data rate of MSj achieved during data transmission is a function of the precoding matrices of all MSs.
When each MS quantizes its channel, it is unable to know the precoding matrices in advance. To circumvent
this problem, we select the codewords to maximize an estimated data rate. In this section, we first propose a
codeword selection criterion to accommodate the transmission of an arbitrary number of data streams to each
user, and then provide its special forms under various system configurations. Finally, we show the connection of
the proposed criterion with an existing one for CoMP systems.

3.1 Proposed Codeword Selection Criterion

When MSy, quantizes its channel, it has neither a priori knowledge of the number of MSs scheduled with itself nor
the number of data streams transmitted to other MSs. Moreover, it does not know the channels of its co-scheduled
MSs. Therefore, it is impossible for MSy to know the precoders of all MSs during downlink transmission, which
determine the achievable data rate. This is a fundamental challenge in the design of MU-MIMO limited feedback
systems. Herein we propose a codeword selection criterion to maximize an estimated data rate of MSy.

To estimate the downlink data rate, MSy makes the following three assumptions.

Firstly, full multiplexing is assumed, e.g., Zszl d; = N3'™. With this assumption, the matrix My, in (5)
becomes a unitary matrix of dimension dj, X dj, which indicates Mka =14, . Secondly, the PBPC is relaxed to
SPC, such that the power scaling factor = 1. Together with the first assumption, the power allocation matrix

in (5) becomes Ay = %Idk. Then the term W, W in (2) can be expressed as
T

W, WH = B, M, AMIBI = BB/ (6)

The term By is formed by the orthonormal basis of the null space of I:Iefi, which is the matrix stacked by the
effective quantized channel matrices of all MSs other than MSy. Since MS; does not have a prior information
of the quantized channel matrices of other MSs, it is unable to know the true value of By. Therefore, we need
the third assumption: the scheduled MSs are mutually orthogonal in terms of their quantized effective channel
matrices, i.e., I:IzﬂliliffH =0,j=1,...,K,j # k. Then, the term WkaH only depends on the quantized
channel matrix of MSg. In practical systems, this is a reasonable assumption when the number of candidate users
is sufficient large [15]. In Section 5, we will verify through simulations that the codeword selection criterion based
on the orthogonal scheduling assumption still performs fairly well in realistic scenarios without the assumption.
In the following, we derive the expression of W WH.

The orthogonal scheduling assumption indicates that I:Izﬁ lies in the null space of I:Ief%. Since By forms the
orthonormal basis of the null space of I:Ie_ﬂ;g and By, is of dimension Nj"™ X dj, under full multiplexing assumption,
we can express the effective channel matrix as follows

H' = X, B, (7)

where X, € C%* > is a square matrix.

Then we have min{rank(X},), rank(By,)} > rank(X;Bf) = rank(HST). Considering the fact that rank(HST) =
dj in order to transmit dj data streams to MSj, we have min{rank(Xy),rank(Bg)} > di, which indicates
rank(Xg) > di. Together with the fact that X is a squared matrix of dimension dj, we can obtain that
rank(Xy) = dg, i.e., the matrix Xy, is full rank and invertible. Then we have

aet” (AT ) et — B, X7 (X, BB, X7)"'X,BY = B,BY. (8)



Substituting (8) into (6) gives rise to the following expression

NP,
N%u m

Wi Wi = S HE () (9)

Again with orthogonal scheduling assumption and (7), we have I:IZHI:I§HH = XkBH B »XH =0. Recall that X
has been shown as invertible, we can obtain B,?Bj = 0. Define Boy = [By,...,By] € (CN%um (k%1 dx) . Since
BkH B; =14, we have BKHB All = IEi;l a4, With this property and under the assumptlon of full multlplexing,
ie., Zszl dp = N3"™, we can conclude that B ay is a N5%™ x N5"™ unitary matrix, i.e., BanB%), = Zszl BB =
Iyzum. Further considering (6), the term Zszl W, WH in (2) can be expressed as

K
NpP NpP,
2 : H _ +YBL0 H _ B0
2 Wkwk = %um E BkB au IN%um. (10)

By substituting (9) and (10) into (2), we can derive the estimated data rate of MSy, as
Ry =log, det (agINR +HH ) — log, det [5,%INR FHHE - T (Tt - et g }

u A A . —1
@ og, det { (&iINR +HH ) [5,§INR I SO0 S A & P < (G & (il & v Il € v 2 } }

. o . -1
— log, det { [T — T (TR ) TR (57, + HH]) }
~ logy det {In,, — ™ (TR T HGTH (7L, + HRHE) '}, (11)
where (a) is derived from two facts: 1) —log, det(M) = log,[1/det(M)] = log,det(M ™) for an arbitrary

2 prsum
invertible matrix M; 2) det(MN) = det(M) det(N) for arbitrary matrices M and N, and 57 = UJ"\',NII; is the
BI0O
normalized noise variance.

The per-cell codewords can be selected to maximize the estimated data rate. Specifically, we can first calculate

the estimated data rate of MS; by setting ﬂsz =Vilikt,-ieng) = [0k 1Vie1(k1), s @ N Viens (i ng )],
Vi (ikp) € Crp, b=1,..., Np. Then, we find the per-cell codewords indices {7} ;,..., i} y,} that maximize the
estimated data rate. Because unitary per-cell codewords are applied, we have Vi (i 1, - . -, ihNB)V,f(ikJ, ey Uk Np) =

S0t 02, Viw(ins) VE (iks) = Y0t 02,

Considering that the selected codewords are the quantized version of the effective channel matrix ﬂzﬂ, the
optimal combining matrix Uy is implicitly included in the selected per-cell codewords Vk’b(i;,b), b=1,...,Np.
By observing the dimensions of the matrices Izliﬂ, Vi(ig1,---,ikny) and Hy, we can see that the function of
the combining matrix Uy is to reduce the dimension of global channel matrix Hy before quantization based on
the number of data streams dj. Therefore, it is unnecessary to provide its explicit expression.

The codeword selection problem can be described as Proposition 1.

Proposition 1. Finding the codewords indices {if ,..., i} y,} for MSj that maximize the estimated data rate
of MSy, can be formulated as the following problem

min f(Vk(ik717~--7ik,NB))
Uk, 150k, Ng

s.t. kab(llk’b) c Ck,by Vb = ]., ceey NB, (12)
where the expression of objective function is

FOViins - igng)) 2

1 . . . _ _
det {INR — Z o2 Hka (Zk 17o~«,Zk,NB)Vk(Zk,lm~~;Zk,NB)H]I€{(J;2€INR —i—HkaH) 1} . (13)
b=1 ""k.,b

In the following, we show the resulting criteria in the Proposition under various system configurations and the
connection with existing criteria in literature.
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3.1.1 Criterion under configuration Ng =1, dp =1

When MS;, is equipped with a single antenna, the combining matrix reduces to a scalar, and its downlink global

Cl X N;uxxl

channel degenerates to a vector, i.e., hy € . The global codeword of MS; also degenerates to a vector,

sum

ie, Vie(ik 1,y ikNg) = [ 1Ve1(ik1), .- 0k Ny VENg (ikng)] € CPXNT . The objective function of codeword
selection problem in (13) becomes

. . Vi ik’,...,i}c’]\] hH2
S(Vi(ik, - ieng)) =1 - | ISB 12 5 ) k|2 : (14)
(2p2) agp) (03 + [[hel?)
We can verify that finding the per-cell codewords vy, ,(ix,5) € Crp, Y0 =1,..., Np, to minimize (14) is equivalent
H
to minimize the chordal distance between v (ix.1, ..., ik n,) and hg, whose definition is d*(m,n) = 1 — %

for arbitrary column vectors m and n [4].

3.1.2  Criterion under configuration Ng > 1, dp =1

When MS, has more than one antenna and only a single data stream is transmitted to the MS, its global codeword

is a vector, i.e., VE(ik1,---yikNg) = [k1Ve1(ik1)s s 0k NgVENg (ikng)] € CPNT™ ) and the combining
matrix is also a vector of size Nr. Then the objective function in (13) becomes

. . 1 . . . . _ _
FOklina, - ikng)) = det{INR — v BV (ks ing Ve i v )HE (03I, + HGHY) 1}
2b21 Qi
1 , ) _ _ , .
=] — =N 5 Vk(lk,h ceey Zk7NB)HkH(O';2€INR + HkaH) lHkV]IC_I(Zk)l, - 7Zk,NB)7 (15)
b=1 Y.

where the last step is obtained from the fact that det {I — mn’ } = 1 — m%n for arbitrary column vectors m
and n.

We can verify that selecting codewords to minimize (15) is the same as the codeword selection criterion proposed
in [9] for single-cell MU-MIMO systems, which was derived by combining the received signals at multiple antennas
of each MS to maximize the expected signal-to-interference-plus-noise ratio (SINR). As shown in [9], this criterion
corresponds to the criterion derived by combining the received signals at multiple antennas with the quantization-
based combining proposed in [8] when &7 is small, and reduces to that derived by maximum receive combining
[16] when &7 is large.

3.1.8  Criterion under configuration Ng > 1, d, = Np

When the number of data streams transmitted to MSy is Npg, its global codeword V,? (tk1s- -, 0k Ny) becomes
a matrix of size Ng x N5'™. The objective function in (13) can be approximated as

J(Vi(ika, - ienNg)) =

1-— tr{HkV]?(ik,la---7ilc,NB)Vk(ilc7l7~-~»ik,NB)HkH(6]%INR —‘erHkH)_l}, (16)

N
> bl O‘%,b

where the approximation comes by considering that det(I + eM) = 1 + etr(M) when the constant € is small.
When the SNR is high, i.e., 72 < |HHZ||Z, (16) becomes

a , , 1 , . - , ,
FERm (Vi inng)) 21— x5 eV (k1 vg B (BGHE) T H Vi, -y} (17)
b=1 Y%

When the SNR is low, i.e., 52 > |[HyH/||Z, (16) turns into

. . 1 ) .
FEERR (Viins - vieng)) 21— — x5 IHRVE (ki) IR (18)

Ok 2.b=1 ¥ p



It is easy to verify that selecting the per-cell codewords by minimizing (17) corresponds to minimizing the
chordal distance between Vi (ig1,. ..,k ny) and Hy. For matrices M and N of size N, x N, and N, < N, the
chordal distance is defined as d>(M, N) = N, —tr{M# (MM)"IMN# (NN#)~IN} [6]. Meanwhile, minimizing
(18) is the same as maximizing the data rate of MSy, under single-user transmission, which was proposed in [17].

3.2 Relationship with an Existing Codeword Selection Criterion for CoMP systems

In [3], a per-cell codebook based limited feedback scheme was proposed for the case where dj, = Nr. Remind
that we have employed a “transformed” global codeword to quantize the CoMP channel direction to incorporate
the channel imbalance feature of CoMP channel, as shown in (3). By contrast, the method in [3] converts
CoMP channels to i.i.d. channels in order to apply the codeword selection methods for single-cell systems.
Specifically, the authors in [3] selected the per-cell codewords aiming at minimizing the chordal distance between
the aggregated small scale fading channel H} shown in (1) and the aggregated small scale fading codeword

V¥ (ik1,- -0k Ng) shown in (3). The codeword selection problem was described as the following problem in [3]
o omin - g(VP (k1,5 %N5))
Tk, 1seensil,Ng
s.t. kab(llk’b) S Ck,ba vVb=1,...,Np, (19)

where g(Vi¥(ix1, . ikng)) 2 Np— 5 tr{VE (k1 -, HY T (EHP" ) THEVE (i1, ks )}
After MSy, finds the per-cell codewords from (19), it feeds back the indices of selected codewords, (HETRRII v

Then, the CU reconstructs the quantized CoMP channel according to (4), which is Iililcf = Vi(ig 10Ny )-
Comparing the objective function of problem (19) and fiog (Vi (ik,1,--- %k np)) in (17), which is the ap-

proximation of our objective function at high SNR, we can observe that they are the same only when all the

large scale fading gains of MSy are equal, i.e., a1 = -+ = o nNg £ Qledge- Under this scenario, the global
channel of MSy, reduces to Hy = ceqge Hy, and the global channel codeword becomes Vi (ik1,... 0k Nny) =
Qedge Vi (iK1, - - - tk,Np ). It is clear that in this case minimizing the objective function of (19) and (17) lead to

the same codewords. However, in practical systems when considering the path loss, shadowing and sector antenna
power gains, the large scale fading gains of MSy will be different in a large probability. This indicates that in
general selecting codewords according to (19) does not ensure the minimization of chordal distance between the
global channel H;, and the reconstructed channel I:IEH.

4 Serial Codeword Selection

4.1 Serial Codeword Selection

The problem of (12) is a standard combinatorial optimization problem and the optimal solution requires an
exhaustive searching over the Np per-cell codebooks. Moreover, from the expression of the objective function in
(13) we can observe that, the operation of matrix determinant is required during the combinatorial search, whose
order of complexity is O(N3). Owing to these two aspects, the complexity of the codeword selection method
from solving problem (12) is too high for MS to afford in practice. In the following, based on the observation
that the codewords of different per-cell channels have different impacts on the objective function, we propose a
low-complexity codeword selection method.

Rather than minimizing the objective function shown in (13), which requires matrix determinant operation, we
can minimize its approximation shown in (16), which approximates the determinant of matrix by the operation
of matrix trace. This will reduce the complexity significantly when the value of Ng is large. After some regular
derivations, we can further show that the approximation in (16) is the same as (13) when a single data stream is
transmitted to each MS. When multiple data streams are transmitted to each MS, the approximation will lead
to performance loss, which is however not severe as will be shown in simulation.

Minimizing the approximation of objective function shown in (16) is equivalent to maximizing

f"‘pp(Vk(ik,l, e 7ik,NB)) étr{HkaH (ik,17 R 77;k,NB)Vk(ik,17 L. ,ik,NB)HkH(ﬁiINR + HkH,Ij)_l}
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(é)tr {(UkINR + HkHH Z ak o Hp, ka bk b Z Ckk o Vi, a(lk «)Hi a}

b=1 a=1
Np Np
=> > i y0f o tr {070y, + HeH) T Hi ) VI (k) Via (ko) B} (20)
b=1a=1

B (b,a)

where (a) is obtained by substituting the expressions of global channel matrix and the global codeword of MSy
shown in (1) and (3).

We can observe that foPP(Viy(ix1,...,ixng)) = (fPP(Vi(ik1,...,iknp5)))*, which implies that it is a real
scalar and its expression can be further derived as

PP (Vi (ik, - - - ik NB)) =Re { F*PP(Vi(ig,1,- - ik,Ng)) )}

Np Np
= Zak bﬁk b b +Z Z ak bak afﬁe {5k<b a } (21)
b=1a=1,a#b
( ) Np b—1
Zak 5Bk (0, b) +2220¢k b7 o Re {Br (b, a)}
b=1 b=1a=1
b—1
>, [02.,86(6,0) + > 203 Je {Bu(b, )}, (22)
b=1 a=1
Trp

where (a) is obtained from the fact (b, a) = (Bx(a, b))*.

Now we see that the objective function can be expressed as a weighted summation of I'y, ;, defined in (22), and
the weighting coeflicients are the squared large scale fading gains of the links between MS; and BSs. As stated
in Section III, the large scale fading gains of MS, are different with high probability. Therefore, the values of
Iy p for different b have different contributions to the final objective function. For a strong link, i.e., a large value
of ai’b, the value of I';, ; plays an important role in the objective function. By contrast, for a weak link, i.e., a
small value of a%yb, the value of I';, , has an insignificant contribution to the objective function.

The expression of Iy includes both Sy (b,b) = tr{(&,%INR +H,H)"'Hy, ka » (i, b)Vk,b(ik,b)Hﬁb} and

Re {Bu(b,a)} = me{tr{(aglNR +HkaH)_lHk,bV,ﬁfb(ik’b)Vk’a(ik,a)Hk’fa}}, a=1,...,b—1 The value of
Bi(b,b) is determined only by the index of codeword Vy ;(ixs), and can be considered as the individual part
of the per-cell codeword. The value of Re {5k (b, a)} depends on the indices of both Vi (ixs) and Vi p(ik.q),
and can be considered as the interactive part of two per-cell codewords. As shown in (22), when selecting the
codeword index of Vi, (ix,), both the individual part and the interacting parts related to this codeword should
be taken into consideration.

Based on these observations, we propose a serial codeword selection, which is to select the codeword for each
per-cell channel matrix in a serial manner, whose order depends on the contribution of I'y; to the objective
function. Specifically, we sort the per-cell channel matrices indices according to the descending order of average
gains of per-cell channels, i.e., ai,b. Define the sorted indices vector as Q £ [l1,...,Inp], where I; represents
the index of per-cell channel matrix with the 7th largest average gain. Considering that the value of I'y,
contributes most to the objective function, we first choose a codeword for this per-cell channel matrix to maximize
Lpi, = ai)llﬁk(ll, l1). Next, we quantize the loth per-cell channel. If the per-cell channel with the second largest
average channel gain is quantized independently, we can obtain a codeword to maximize the individual part
related to this codeword, i.e. 04,C I B (l2,12). However, this does not ensure the maximization of the interacting
part 204,6,119%{,6’;€ (I1,12)}, WhObe value depends on the per-cell channel matrices and codewords of both I;th and
loth per-cell channels. Therefore, when selecting the codeword for the loth per-cell channel, we should choose a
codeword from codebook Cj;, that maximizes I'y, ;, = a%h Br(l2,l2) + QQ%,lI%e{ﬁk (I2,11)}.
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The procedure of the serial codeword selection method is summarized as follows.

Serial Per-cell Codeword Selection

Step 1: Sort the per-cell channel matrices indices in descending order of their large scale fading gains
gy as Q=[l,...,Iny].
Step 2: Initializing the codeword selection by setting j = 1.

Step 3: Choose the quantization of effective channel matrix with the jth largest large scale fading
gain as Vi, (iz,lj)7 whose index is chosen as follows,

j—1
i, = arg max | of, Bl 1)+ > 203, Re{Bi(l;, 1)} ]
Vi1 (k15 )€Ck 15 b=1
where  Bp(l;,1;) = tr{ (o2 H,HY)'Hy,; VH (i,.)V i, JHE 1,1 =
k(ly 1) =t (OpIng + BB ) T e, Vg, (et ) Vi, Gk ) By 1y Be(lil) =
tr{(&iINR+HkaH)‘lHk,le,glj(ik’lj)Vk,lb(i};Jb)HkH’lb}, and Vi, (if,,) is the selected code-
word for the [yth channel in the previous steps.

Step 4: j =7+ 1. If j < Np go to step 3, otherwise stop the selection algorithm.

4.2 Complexity Analysis

When the per-cell codewords are selected by maximizing the objective function in (20) through an exhaustive
searching, which is referred to as joint codeword selection method in this subsection, we can show that its order
of complexity is O(Hé\g 2Br.v),

A per-cell codeword selection method of low complexity was proposed in [3]. The basic idea is to first construct
a sub-codebook with codewords that lie in the neighborhood of the per-cell channel to be quantized, then find the
indices through exhaustive searching among the reconstructed sub-codebooks to maximize the objective function
in (19). The order of complexity of the first step is O(Eévjl 2Br.b) and the order of complexity of the second
step is O(Hé\fl ©k.b), where ¢y p is the cardinality of the sub-codebook for quantizing the bth per-cell channel.
A tradeoff between complexity and performance can be adjusted by the range of the neighborhood, i.e. the size
of ¢k p-

From the procedure of the proposed serial per-cell codeword selection method, we can observe that to quantize
the [;th per-cell channel of MSg, we only need to search for a codeword in the codebook Cy ;. Thereby the
order of complexity of the I;th step is (9(2B k1), The serial codeword selection includes Np steps and its overall
complexity is on the order of O(Zé\fl 23’”’). For ease of comparison, the computational complexity of the three
codeword selection methods are summarized in Table 1.

Table 1: Computational complexity of three codeword selection methods

Methods Computational Complexity
Joint Codeword Selection Method (’)(Hé\f1 2Bk.v)
Method in [3] O(X0® 2850) + O(TI0", #w.b)
Serial Codeword Selection Method O(Zé\g 2Bw.v)

As an example, we consider a case where the number of cooperative BSs Ng = 3, and MSy, is located at the
exact cell edge of the three cells. This setup indicates that the large scale fading gains from the three BSs to
MSj, are equal. Consider the size of three per-cell codebooks as By = By2 = By3 = 4 bits. Then, the order
of complexity of joint codeword selection is O(4096). The order of complexity of the codeword selection method
in [3] is O(48 + ngl ©Yrp). When @, = 8, which means that the size of sub-codebook is half of the original
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Figure 1: An example of CoMP system, where the solid line denotes local channel while the dash lines denote
cross channels for a MS. The cell radius is 250 m. The MSs in the same cell are co-located in the same place,
and the user-groups in different cells are at the same distance from their local BSs.

codebook, the complexity is on the order of O(560). In contrast, the complexity of the proposed serial codeword
selection method is only on the order of O(48).

5 Simulation Results

In this section, the performance of different codeword selection methods will first be compared via simulation,
and then using measured channels from an urban environment-

5.1 Performance Comparison with Simulated Topology and Channel Model

5.1.1  Simulation Setup

We consider a CoMP system with three faced sectors forming a cooperative cluster, as shown in Fig. 1. Each
BS is equipped with four antennas. The sector antenna power gain is a function of the horizontal angle ¢ (in
degrees) follows 3GPP LTE specification [18], i.e., AG!® = 14 — min{12(%)2, 20}, —m < ¢ < w. The path-loss
model is PLY® = 35.3 4+ 37.6log,(dy.5), which is employed in LTE, where dj 4 (in meter) is the distance between
MS; and BS;,. We assume that the receive SNR of the cell-edge MS is 10 dB. The small scale fading channels
between BSs and MSs are i.i.d. Rayleigh channels. The codebooks used for quantizing the per-cell channels are
obtained by random vector quantization (RVQ). The codebook size for feeding back each per-cell channels is
set as four bits. All simulation results are obtained by averaging over 1000 realizations of the small scale fading
channels. We consider that two MSs are activated in each sector and the three BSs cooperatively serve the six
MSs simultaneously.

To clearly observe the impact of large scale fading gains on the performance of different codeword selection
methods, we first consider a special scenario with the MS locations shown in Fig. 1. Specifically, the two MSs
in the same sector are located in the same place and the MS-groups in different sectors are at the same distance
from their local BSs, which is denoted as d;. In this way, we only need to show the performance of one MS. The
performance under practical random MS locations will be shown later in Fig. 4.

5.1.2  Performance Comparison of Different Codeword Selection Methods

To show the impact of different criteria for codeword selection on the performance, we first provide the results
with exhaustive searching. Note that the codewords cannot be selected to maximize the actual data rate during
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Figure 2: Average per-user data rate versus the BS-MS distance dy. Each user is equipped with two antennas
and two data streams are transmitted to each user, i.e., Ng = 2, dy, = 2.

downlink transmission in practical systems, due to the fundamental challenge of FDD systems that the users
do not have the CSI of other users. Although we can simulate the performance of the codeword selection
maximizing the actual data rate, which can serve as an upper bound for comparison, the codeword selection to
maximize actual downlink data rate requires an exhaustive searching over the Np per-cell codebooks of all K
users, whose complexity is on the order of O(Hszl Hl])\fl 2Brv). Under the considered simulation settings, the
order of complexity is as high as O(272), which can not be afforded in simulation. Moreover, such an upper
bound is far from achievable in practice, therefore we do not provide its simulation results.

In Fig. 2, the average per-user data rates versus BS-MS distance d; under three codeword selection criteria
are compared. In the simulation, each MS is equipped with two antennas and two data streams are transmitted
to each MS, i.e., Ngp = 2, d, = 2. The codewords are selected by exhaustive searching according to the following
three criteria: 1) the proposed criterion in (12), with the legend “Proposed Criterion + Joint Selection”; 2)
minimizing the approximated objective function in (16), with the legend “Approx. of Proposed Criterion + Joint
Selection”; and 3) the criterion considered in [3], which is shown in (19), with the legend “Criterion of Y-Cheng
+ Joint Selection”. We can observe that the per-user data rate achieved by our proposed criterion is the highest.
Maximizing the approximation of the proposed criterion causes performance loss, but it still outperforms the
criterion proposed in [3]. The performance gain of the proposed criterion over the criterion in [3] increases when
the MSs move from cell edge to cell center, i.e., the value of d; at x-axis decreases. This is because the codeword
selection criterion in [3] does not exploit the large scale fading gains of CoMP channel during codeword selection.

To evaluate the performance of the proposed serial codeword selection method, in Fig. 3 the average per-user
data rates versus BS-MS distance d; under three different codeword selection methods are compared. In the
simulation, each MS is equipped with a single antenna, i.e., Ng = 1, dy = 1. The three codeword selection
methods are: 1) optimal selecting codeword method by exhaustive searching according to the proposed criterion
in (12), with the legend “Proposed Criterion + Joint Selection”; 2) the proposed serial codeword selection, with
the legend “Proposed Criterion + Serial Selection”; and 3) the low-complexity method proposed in [3] with
different complexities, with the legend “Criterion and Selection Method of Y-Cheng”. As expected, the per-user
data rate achieved with the optimal codeword selection method is the highest, while the good performance is
paid by high order of complexity as @(4096). The performance of serial codeword selection method is close to
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Figure 3: Average per-user data rate versus the BS-MS distance d;. Fach user is equipped with single antenna
and single data stream is transmitted to each user, i.e., Ng =1, dy = 1.

the joint codeword selection, and the performance gap decreases when the MSs move from cell edge to cell center.
Despite such small performance loss, the complexity has been dramatically reduced, whose order is O(48) and is
about 1/85 of the optimal codeword selection method. As for the low-complexity method proposed in [3], when
its complexity is set to be the same as the serial codeword selection, the method reduces to selecting each per-cell
codeword that has the minimal chordal distance with the per-cell channel vector, and can be regarded as an
independent codeword selection for the per-cell channels. The independent per-cell codeword selection method
performs the worst, since it ignores the inter-cell phase information during the selection. When the codeword
selection complexity of method in [3] is increased to two times larger than the serial codeword selection, the
performance is substantially increased but is still inferior to the serial codeword selection.

To evaluate the performance of the proposed criterion and the proposed serial codeword selection method
in a more realistic user distribution, in Fig. 4 we provide thg average per-user data rate when six MSs are

randomly distributed in a 10 dB “cell-edge region”, where lmin a;f’“ for MSy, is less than 10 dB. This corresponds

#br Tkl
to randomly schedule the MSs for transmission. In practice, any well-designed scheduler will perform better than

the random scheduler. Four codeword selection methods are compared, which are: 1) exhaustively searching
codewords according to (12), 2) exhaustively searching codewords according to (19), i.e., the criterion of Y-
Cheng; 3) selecting codewords by our proposed serial codeword selection, and 4) the low complexity codeword
selection method in [3]. The legends are the same as before. For a fair comparison, the complexity of the method
in [3] is set the same as that of the serial codeword selection method. We can see that the serial codeword
selection method performs close to the optimal result with exhaustive searching but with quite low complexity,
and outperforms the method in [3] with the same complexity.

5.2 Performance Comparison in a Measured Urban Environment

Finally, we evaluate the performance of different codeword selection methods in a realistic multi-sector scenario
based on channel measurements. The measurement was performed in an urban macrocellular environment at
Kista, near Stockholm, using one four-antenna MS and a three-sector BS site, where each sector is equipped with
a cross-polarized antenna pair. The equipments and setup are described in details in [10], which are omitted
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Figure 4: Average per-user data rate under different configurations.

here for brevity. Although the MS in the measurement is equipped with four antennas, here we only consider
one receive antenna, in order to support multiple MSs in each sector and apply the method in [3]. The collected
channel measurement is used to generate our evaluation scenario, where six MSs are moving around in the area
covered by the three BS sectors, as shown in Fig. 5. To study the impact of codeword selection methods on
the performance of individual MSs, the six MSs are initially placed at the positions shown in Fig. 5 and moved
at a constant speed (of approximately 30 km/hr) according to the indicated directions. The transmit power of
each BS and the thermal noise power of MSs are set as 46 dBm and —96 dBm, which are in accordance with the
LTE specification [18]. Each data rate sample is obtained by averaging over 162 frequency samples and 50 time
domain channel samples.

The performance is compared in Fig. 6, where the data rates of the six MSs versus their moving distances are
provided. The four codeword selection methods are the same as that considered in Fig. 4. From the results we
can observe that when exhaustively searching the codewords, the proposed criterion in (12) always outperforms
the criterion proposed in [3]. The performance gap differs for various MSs and different locations of each MS. The
performance of serial codeword selection almost overlaps with that from the optimal codeword selection method
by exhaustively searching according to (12), and is superior to the low complexity method in [3], no matter
where the MS is located. This results further substantiate the good performance of the proposed low-complexity
method.

6 Conclusions

In this paper, we studied codeword selection for limited feedback CoMP-JP systems with per-cell codebook. A
unified codeword selection criterion was provided for an arbitrary number of antennas and an arbitrary number of
data streams, which degenerates to various selection criteria under different configurations, and outperforms other
criterion for CoMP known in literature. By exploiting the imbalance of average channel gains from multiple BSs
to a MS, we proposed a low-complexity codeword selection method. The proposed codeword selection criterion
and method were evaluated in a measured urban environment and through simulations. The results showed that
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Figure 5: Scenario and driving route in the multi-sector measurement campaign. The six MSs are initially located
at locations labeled as 500 m, 1000 m, 1500 m, 2000 m, 2100 m and 2600 m.

the serial codeword selection method performs closely to the optimal codeword selection that maximizes the
estimated data rate with exhaustive searching, and outperforms existing scheme with the same complexity.
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Figure 6: The data rates of six MSs versus their moving distances.
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