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Abstract In this paper, we study the performance of precoding schemes for cooperative transmission of multi-
ple coherent base stations (BSs) allowing overlapped clustering in a measured urban macrocellular environment
at 2.66 GHz to testify the findings obtained by using simulated channel model. The evaluated precoding schemes

include zero-forcing (ZF), layered virtual signal-to-interference-plus-noise ratio (SINR) maximization (LVSM)
and clustered virtual SINR maximization (CVSM). The results show that the sum rate of the CVSM scheme
outperforms the other precoding schemes. In addition, the ZF achieves higher rates than the LVSM, except
when the channel condition is poor. When greedy proportional user scheduling is considered, the CVSM scheme
and the ZF scheme offer similar performance, whereas the LVSM scheme gives little gain over a non-cooperative
transmission scheme used as the baseline.

Keywords Base station cooperation, overlapped clustering, precoding, measured environment, greedy
scheduling

1 Introduction

Even though network multiple-input multiple-output (MIMO) technology [1], [2], also known as base
station (BS) cooperation or coordinated multi-point (CoMP), has demonstrated great potential of miti-
gating the interference and enhancing the system capacity, practical implementation of this technology
faces the difficulties of acquiring global channel state information (CSI), realizing signal synchronization
and so on. Hence, a number of existing studies have instead focused on limited cooperation among a small
set of BSs, or namely BS clustering [3], [4]. At the same time, achieving the expected large capacity gain
requires elaborate designs of wireless resource allocation, including cluster formation, precoding design
and scheduling.

In the literature, the BS cluster formation problem has been extensively studied. One popular approach
is to form non-overlapping clusters [4]-[7], where each BS is not allowed to belong to different clusters
simultaneously. However, there still exist significant number of mobile stations (MSs) at the boundaries
of clusters which suffer from strong inter-cluster interference. To address this problem of non-overlapping
clusters, recent efforts have considered forming cluster from the viewpoint of the MS, i.e., the best cluster
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of each MS is formed by the BSs with the strongest signals [8]-[10]. As a result, the interference from
outside of any given MS’s serving cluster, which is called non-overlapping-BS interference, is minimized.
Nevertheless, this approach may result in some clusters overlapping with each other, causing interference
from the overlapped BSs, namely overlapping-BS interference.

In this paper, we analyze the performance of the MS-centric clustering approach that allows for over-
lapped clustering in a real environment. Specifically, we consider three precoding schemes suitable for
overlapped clustering. Zero-forcing (ZF) precoding [1] for single-antenna transceiver (or block diagoniza-
tion (BD) precoding [6] for multi-antenna case) has been proposed for overlapped clustering in [8], and it
aims to fully mitigate the interference. On the other hand, the layered virtual signal-to-interference-plus-
noise ratio (SINR) maximization (LVSM) scheme proposed in [11], [12] (also known as signal-to-leakage-
plus-noise ratio maximization [13]) maximizes the power ratio between the desired signal of a given MS
and the interference to other MSs from each of its serving BSs. As it decides the precoding coefficient of
each BS-MS pair individually, the LVSM scheme does not need signal synchronization and can be used
for any clustering problem. Finally, the clustered virtual SINR maximization (CVSM) precoding scheme
[9], [10] maximizes the virtual SINR from the MS’s serving cluster, considering the cluster as “super BS”.
CVSM is an upgraded version of LVSM.

The main contributions and results we have obtained are listed as follows:

e The coherently measured multi-BS channels of an urban macrocellular environment reported in [14]
is adopted for performance evaluation. The measurement setup involves three single-antenna BS
and a four-antenna MS traveling along predefined test routes. To the best of our knowledge, this is
the first time that the listed schemes are evaluated and compared using the measured channel data
from a real environment.

e We analyze the performance of the three precoding schemes without scheduling, i.e., the sum rate
of three randomly generated MSs served by the three-BS network. The result shows that the CVSM
precoding scheme is the most appropriate precoding technique for overlapped clustering among the
three schemes. The performance of the ZF scheme degrades severely in poor channel condition as
it reduces to be non-cooperative transmission in such a case.

e We introduce the proportional fair scheduling to evaluate the per-user throughput. The analysis
indicates that in our measured environment and with the greedy scheduling policy, the system only
schedules the MSs within the same serving cluster. In addition, the ZF and the CVSM precoding
schemes facilitate the similar performance for non-overlapped clustering, which verifies the result
obtained by using simulated channel.

The rest of the paper is organized as follows. Section 2 introduces the measured urban macrocelullar
environment, which is used to analyze the performance of the precoding schemes with overlapped clus-
tering. The overlapped clustering setup is described in Section 3. In Section 4, the precoding methods
are introduced and evaluated without scheduling. Precoding methods are then evaluated with scheduling
in Section 5. Finally, Section 6 concludes the paper.

Notations: |- | denotes the cardinality of a set. || - || denotes the Euclidean norm of a vector. (-)T and
(1) denote the transpose and transpose conjugate of a matrix or a vector, respectively. C is the complex
number field. [E represents the expectation operation.

2 Measurement Setup

The urban macrocell environment used in the performance evaluation is within Kista, Stockholm, Sweden
[14]. A photo of the environment is provided in Fig. 1. The three BS sites that are selected reflect a
realistic cellular deployment. FEach BS is equipped with a single linearly-polarized antenna mounted
above the average rooftop level of around 25 m. Each BS antenna is downtilted by between 6 and 8
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Figure 1: A photograph of measured environment and BS locations.

Table 1: Specifications for the Ericsson Channel Sounder [14]

Parameter Value

Center Frequency 2.66 GHz

Bandwidth 19.4 MHz

No. of frequency subcarriers | 432

Transmit power 36 dBm

Channel acquisition rate 190 channels per second

No. of BS 3

BS antenna 1 (45° polarized antenna)

MS antenna 2 dipole and 2 magnetic loop antennas

degrees from horizontal and the main lobe points towards the centroid of the triangle formed by the
three BS sites. On the other hand, the MS is equipped with two dipoles and two loops on the top of a
measurement van in a square configuration (with inter-element spacing of around 30 cm).

The channels between all three BSs and four MS antennas are measured using the Ericsson channel
sounder described in [14], [15]. RF-over-fiber equipment is used to connect between the transmit unit and
the three remote BS sites. Rubidium clocks (Stanford Research Systems, PRS10) are employed at the
transmitter and receiver to provide a highly accurate synchronization (Allan standard deviation less than
10712) between the BS and the MS. The resulting system measures a full 4 x 3 MIMO channel matrix
1500 times per second (based on 0.667 ms probing frames), but due to practical hardware limitations,
only 190 channels are stored per second, which is still sufficient considering the maximum MS speed of
30 km/hr. Relevant parameters for the measurements are given in Table 1 [14].

The measurements involve two different drive routes for the MS (see Fig. 2). The routes include line-
of-sight (LOS), obstructed line-of-sight (OLOS), and non-line-of-sight (NLOS) propagation conditions.
The geographical location of each channel sample is determined using a GPS receiver.

3 Overlapped BS Clustering

Consider the multiuser downlink cellular system with M cooperative BSs. We study the communication
between the BSs and M MSs on a single frequency subcarrier and a single receive antenna. Hence, the
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Figure 2: BSs’ locations and MS’s travel routes 1 (--) and 2 (-). Distances in meters from the starting
points are indicated by circles and diamonds for route 1 and 2, respectively. The directions of travel are
also indicated.

measured channel can be denoted by a M x M matrix H = {hin, }1<im<ar. Assuming limited feedback
capability, each MS only feeds back the channel coefficients of the BSs with strongest signals, forming
its serving cluster. The serving cluster of MS i is denoted by C;, and the cluster size is identical for all
the MSs, i.e., |C;| = C. For simplicity, we assume no synchronization issue among the BSs. The received
signal of MS 7 is given by

Yi = Z himU)im\/]mxi +Z Z him/wjm/, /Djm’ T +n;, (1)

mee; j#i m'eC;

desired signal interference

where w;,, is the normalized precoding coefficient from BS m for MS 4, p;,, is the transmit power, x; is
the desired data signal of MS ¢, and n; is the additive white Gaussian noise with zero mean and variance
E(n;nf) = 2. Since only the channel coefficients of MSs’ serving clusters are known, the interference
can be categorized as overlapping-BS interference (from the BSs m’ € C; N C;), which can be effectively
mitigated through precoding techniques, and non-overlapping-BS interference (from the BSs m’ € C;\C;).
In this sense, we write the received SINR as follows

2

Ci
%= L 5 (2)
zi+ > > himWim /D
j#i " m/eC;NC;

where z; = 30 (1220 ec,\c; Pim' Win \/Dim’ |2 + o2 is the non-overlapping-BS interference plus noise
power. An example setup of overlapped clustering for cluster size C' = 2 is depicted in Fig. 3. Given the
channel coefficients, the precoding algorithms try to find the proper precoding parameters to maximize
the received SINR as in (2).

In our evaluation setup, each BS may serve multiple MSs. Hence, the transmit power of each BS is
split for all the served MSs. For simplicity and fairness of comparison, we adopt the channel aware power
splitting policy proposed in [12], i.e., the power allocation p;,, is proportional to the channel strength

[

PR L —y (3)
> e, i
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Figure 3: An example setup of overlapped clustering with cluster size C' = 2.

where Py is the BS’s transmit power. As a consequence, more power is allocated to the MSs with stronger
signal strength to obtain more benefits.

4 Precoding Techniques

In this section, we introduce the principles of the precoding schemes including ZF, LVSM and CVSM, and
their specific expressions in our overlapped clustering setup. Then, the performances of these precoding
algorithms are compared using measured channels from the urban macrocellular environment.

4.1 Precoding Schemes

411 ZF

The ZF precoding scheme nulls the interference among the MSs. By mitigating the inter-MS interference,
it can achieve high throughput, especially in strong interference scenarios. The ZF precoder is obtained
either by the channel inverse W = H”(HH)~! as stated in [1], or by mitigating the interference
from each MS to all other MSs individually. Assume the cluster of MS i is C; = {mgi), cey m(é)} The
interference channel matrix of cluster C; to other MSs is obtained by removing the ith row of H, and
nulling the un-feeded back channel coefficients. It is denoted as H; = {hijmECj Yitimee; € CM-1)xC

where
1, ifmecC;
ImECj = ! (4)
0. else

Denote the null space of H; is V;, i.e., H;V; = 0. To maximize the desired signal, the precoding vector
for MS i is the projection of channel vector between cluster C; and MS ¢ on the null space. We calculate

[w

<i>7---,wimg>] = V;V/h/, (5)

imy
where
hi = [ pimgi)himgi), ey pimg) himg)] (6)

is the weighted channel vector from the cluster C; to the user i. Then the precoding vector is then
approximated as
[wimﬁi) yee ey wimg)]

ZF ZF
w? oy, w1 )
Wi+ Wi ] max{|[w,,, @, [[w, o[}

zml m

(7)
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Note that the power p;,, might not be fully used, since only the coefficient with the largest ||ws]| is
normalized.

To apply the ZF scheme in our specific 3 single-antenna BS environment, a maximum of 3 MSs can
be scheduled simultaneously. This is due to limited degree of freedom from the 3 transmit antennas. If
the cluster size C' = 3, the whole network forms a single cluster. Hence, the ZF precoding scheme can be
directly used for the scheduled MSs. If the cluster size C' = 2, as each BS is equipped with one antenna,
the interference between 2 MSs in the same cluster can be mitigated. A typical example is as follows.
The channel coefficients available at the BSs side are

hi1 hiz 0
H=| 0 hyp hy |- (8)
hs1 hzz 0
As MS 1 and MS 3 are in the same cluster, the ZF precoding is applied to them on the subchannel
H,,— l It hao ] | ©
hs1 hso

while MS 2 is served only by BS 3. Hence, w4 = 0, which means there is not desired signal from BS 2
to MS 2.

In the case that all the MSs have different clusters, the precoding degrades to non-cooperative trans-
mission. The association between MSs and BSs are decided according to the achievable sum rate. For
instance, with the channel coefficients available at the BSs side

hiit hiz2 O
H=| hy 0 hy |, (10)
0 h3y hss

the precoding scheme degrades to non-cooperative transmission where each MS is served by a single BS
with strongest signal strength.

Notice that we assume that for C' = 2, the case of all the three MSs in the same cluster is prevented
by scheduling, since a 2-BS cluster cannot serve 3 MSs simultaneously.

4.1.2 LVSM

As proposed in [12], the LVSM precoding scheme finds the precoding coefficients for each BS by maxi-
mizing the ratio between the desired signal of MS i and the interference to other MSs j # i. It can be
expressed as ,
Wi = arg max ——mm®lT
i1 24 hywl?
where h;,,, represents the MISO channel between the multi-antenna BS m and single-antenna MS i (as
opposed to the single-antenna BS assumed earlier). Accordingly, w is the precoding vector for the MISO
transmission. When the single antenna is deployed at each BS and at the MS side, as in this paper, hy,,
and w are scalar (rewritten as h;,, and w respectively), and we have ||himw||?> = ||him||?>. Hence, the
right hand side of Eq. (11) is a constant. The optimal precoding coefficient is to keep h;,, w to be of real
value, which means

(11)

LV hi

o= 12

Note that the result is actually equivalent with the maximum ratio transmission (MRT) technique,
which tries to maximize the power of the desired signal

MRT MRT|T _
[wW S, .., w ] = arg

max
M mo . ol= =, ol=
imy im&
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The closed-form solution of the maximization problem (13) is

H H T
[wMRT MRT)T himﬁi) im) (14)
im{D7 T Ty @ ||him§i>||’ ’ ||himg) I

Comparing Eq. (12) with Eq. (14), we can easily conclude that the LVSM precoding scheme with
single antenna configuration degrades to the MRT precoding scheme, which is optimal in non-interference
scenarios. However in our overlapped clustering scenario, the non-managed interference may cause severe
performance degradation. Consequently, the LVSM scheme, or the MRT scheme, may not work well.

4.1.3 CVSM

The CVSM precoding scheme [10] is an improved version of the LVSM precoding scheme in order to fully
exploit the advantage of clustering. We consider the BSs in each cluster as a “super BS”, and design the
precoding vector for the super BS which maximizes the ratio between the desired signal of MS ¢ from its
serving cluster and the interference of the cluster to other MSs j # i. Specifically, the optimal precoding
vector is calculated as

2

cv cvV 1T _ mec;
[wimgm . 7wimg)] = arg o=t 2
meC; O + Z Z hjmwim\/pimH
j#i " meC;NC;
|[hywi 2
=ar — 15
gl\wm\|=1 02+ 3 ||hjc, w2’ (15)
mec; i
where w; = [wimgn, . 7wimg)]T, h; is defined in (6), and
Bj,Ci = [ pimgt) hjm§i>lm(1i)ecj geeey pimg)hjmg)lmg)ecj] (16)

is the weighted channel vector from the cluster C; to the user j, j # i, where I,,cc, is defined in (4). The
per-BS precoding coefficient power constraint in (15) makes the optimal solution difficult to achieve. We
achieve the sub-optimal solution by first relaxing the per-BS power constraint to sum-power constraint

as _
. . T [[hiw|?
W. (i)yere,W. (i = arg max — . 17
I Y S S [P o
J#i

The solution is the unit-norm eigenvector with the largest eigenvalue of (oI + 3", ; hf%. hjc.)"'hi'h;,
where I is the unit matrix. Then, we get the sub-optimal precoding vector as

[11) ()5 oo ny W, (i)]T
[wcv(i)v s 7wcv(i)] ~ ZAml ”nCA . (18)
im} im¢, max{||wimgi> reees me(0> }

The CVSM precoding scheme provides a good balance between interference minimization and desired
signal maximization. Consequently, it is expected to perform well in both high and low interference
scenarios, which will be demonstrated in the next subsection.

4.2 Performance Comparison

In this subsection, we compare the performance of the stated precoding methods in the measured urban
macrocelluar environment. We run the simulation by drops. In each drop, the locations of three MSs are
randomly picked from all the measurement points on route 1 and route 2. In fact, it can also be viewed
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Figure 4: CDF of sum rate with different precoding schemes. The cluster size C' = 2.

as the round robin scheduling. We assume the each MS uses a single antenna for receiving, i.e., it receives
signals only through one of the dipole antennas. We also consider the transmission on a single frequency
subcarrier only. Without loss of generality, we select the first one of the 432 frequency subcarriers. As a
result, we obtain a 3 x 3 network MIMO channel matrix. A total of 5000 drops are simulated.

We assume the cluster size is C' = 2. Each MS only knows the strongest two channel coefficients of
BSs, and feeds them back to the network side. The BSs cooperatively design the precoding coefficients
for each MS. Once the precoding coefficients are determined, the achievable rate per unit bandwidth of
MS i is given by Shannon’s capacity formula

ri = log(1+ ;) (19)

with the unit of bits per second per Hz (bps/Hz), where v; is calculated as (2). The evaluation metric
considered is the sum rate, which is defined as the sum of the rate of all three MSs.

The cumulative distribution function (CDF) of the sum rate of each drop is depicted in Fig. 4. The
baseline is a non-cooperative transmission scheme, by which each MS is served by a single BS with the
strongest signal. The result clearly shows that the cooperative transmission scheme outperforms the
non-cooperative one. Among different precoding schemes, the CVSM precoding scheme achieves the
highest average sum rate, and the performance gain is especially noticeable when the channel condition
is poor (take the 10%-outage sum rate as an example, the CVSM scheme is 3.88 times higher than
the non-cooperative scheme, 2.06 times higher than the ZF scheme, and 65% higher than the LVSM
scheme). The ZF precoding scheme performs well in good channel condition, where the sum rate of ZF
scheme is even larger than the CVSM scheme. However, its achievable sum rate is close to the non-
cooperative transmission scheme when the channel condition is very poor because it cannot effectively
null the interference and thus degrades to single-BS transmission. On the contrary, the LVSM precoding
scheme has a higher sum rate in the poor channel condition than the ZF scheme since cooperation
enhances the received signal strength. But when the channel condition is good, it brings a much lower
performance gain compared with ZF and CVSM schemes, as the interference is not well managed.
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5 Joint Clustering and User Scheduling

In this section, we analyze the performance of different precoding schemes for joint overlapped clustering
and user scheduling. We assume that a set of MSs U are randomly generated in the environment. The
system selects a subset of MSs S to be scheduled in each transmission slot depending on the channel
conditions of their serving clusters and the average achieved data rate before the current slot. Once the
scheduled MSs are determined, they are served according to the precoding schemes presented in Section
4. We adopt the multiuser proportional fair scheduling (MPFS) algorithm [16] to select the MSs. The
objective is to maximize the weighted sum rate of all the MSs [10]:

1
max ; 7 log(1+ )
5.t > pimlwiml? <P, m=1,....M (20)
i:meC; ,iES
where T; is the average throughput of MS 4, which is updated slot by slot as T;(t +1) = (1 — 1/7) T;(¢t) +
1/7R;(t), where t is the time slot index, 7 is the fairness factor [16], and R;(¢) is the instantaneous data
rate of MS ¢ in time slot ¢.

The optimal solution of problem (20) requires an exhaustive search among all possible scheduling
subsets, which is NP-hard. We adopt the greedy user selection algorithm based on [17] where MSs are
added successively one at a time up to a maximum of M if the weighted throughput is increased. The
process is detailed as follows [10]:

1) Find the MS ¢ with the largest weighted rate T% log(1 + 7;), set n =1,8; = {i}.
2) While n < M

e Find a MS j* such that

1
= ~og(1 + ;). 21
j* =arg max > _Tiog( + ) (21)

1€S,U{j}

o If > ics vy T% log(1+7i) > > ics. T% log(1 + 7;), set Sp+1 = Sy U {j*}, increase n by 1.
e Else, break.
3) Set S =S,

We simulate the joint scheduling and clustering in the measured environment. We run 100 drops for
each precoding scheme. In each drop, a total of 10 MSs are randomly generated and scheduled. The
number of scheduling slots in each drop is 100. The channel realizations of each MS during the 100 slots
are generated using 50 spatial points within the same shadow fading region (a small region around the
chosen MS’s location) at two frequencies 20 MHz apart. Fig. 5 shows the CDF of user throughput with
different precoding schemes. It can be seen that the ZF precoding scheme and the CVSM precoding
scheme have similar CDF curves. On the other hand, the LVSM precoding scheme is slightly better
than the non-cooperative scheme, and achieves a little higher user throughput when the cluster size is
larger (0.8% average throughput gain of C' = 3 compared with C' = 2). The reasons can be found in
Fig. 6. It is observed that only one MS is scheduled in each slot with the non-cooperative and the LVSM
precoding schemes, which indicates that multiple users scheduled simultaneously will interfere with each
other severely. Hence, the measured environment is generally interference-limited. Besides, the number
of scheduled MSs and that of transmitting BSs are identical to the cluster size for the ZF and the CVSM
precoding schemes, which means that with the greedy algorithm, non-overlapped clusters are scheduled
in each slot. Hence, in the measured three-BS environment, non-overlapped clusters are preferred. And
with non-overlapped clustering, the ZF and the CVSM precoding schemes are of similar performance,
and are better than the LVSM scheme. This verifies the results obtained by using simulated channel
model as presented in [10].
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Figure 5: CDF of user throughput with different precoding schemes.

6 Conclusion

In this paper, three precoding schemes for overlapped clustering are evaluated using fully-coherent channel
measurements from three BSs to multiple MSs in a macrocellular environment. Without scheduling, the
CVSM precoding method is shown to achieve the highest throughput compared with the other two
schemes. The ZF precoding scheme is better than the LVSM scheme on average, but is worse in poor
channel condition scenario. However, the result is quite different when considering joint clustering and MS
scheduling. In this situation, non-overlapped clusters are formed, and the CVSM scheme performs similar
with the ZF precoding scheme, while the LVSM scheme introduces slightly higher per-user throughput
than the non-cooperative transmission. This is consistent with the simulated results in terms of the
performance trends among the precoding schemes. To sum up, CVSM precoding is the best method
for the measured environment. Even though the ZF scheme achieves similar per-user throughput as
the CVSM scheme with greedy scheduling, further analysis reveals that the latter has better scalability.
According to the results obtained using simulated channels in [10], we can predict that the joint overlapped
clustering and greedy scheduling will be more useful in larger networks.
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