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Abstract— We discuss the potential gains in system

performance and the overall stability of different

transmit and feedback strategies under LTE relevant

limitations. It is evinced that conventional CoMP

schemes are dramatically sensitive to channel uncer-

tainties at the transmitters. The Rate Approximation

scheme originally introduced for single cell systems

is extended to multicellular systems and shown to

be enormously robust under minimal feedback rates.

We show that incorporating estimates of the out–of-

cell interference in the feedback message significantly

improve the performance of multicellular systems.

Moreover, we show that accurate approximates of the

per user rates at the base station are of inestimable

value if link adaption is considered.

I. INTRODUCTION

Future cellular wireless standards like LTE Ad-

vanced [1] are of great interest as a common

method for providing continuous service to in-

door and outdoor mobile users. Multiple antenna

techniques combined with OFDM enable efficient

utilization of the wireless channel and sharing of

resources between multiple users (MU-MIMO). To

cope with the scarcity of resources spectral reuse

on the network level is employed. But so far,

conventional data transmission and reception are

done independently on a per base station basis,

resulting in degraded network performance due to

interference from other cells. Coordinated multiple

point transmission (CoMP) (i.e. coordinated schedul-

ing/beamforming or joint processing/transmission)

has been identified as key tool to overcome these

interference limitations and to enhance the overall

system performance [1], [2]. If the backhaul network

is capable of multicasting individual user data, mul-

tiple base stations can simultaneously serve the same

user. If all base stations have perfect channel state

information (CSIT) the capacity–achieving strategy

(i.e. dirty paper coding) is known, but unfortunately

it is far from being implementable in practical sys-

tems.

A suboptimal strategy for fully cooperating clus-

ters is to use linear beamforming and power alloca-

tion. For example, viewing the the downlink model

of a cluster of fully cooperating base stations as

a vector–valued broadcast channel, the approach of

block diagonalization (BD) in [3] can be used to

compute the cluster–wise beamforming vectors. But

to avoid any interference within a cluster each base

station needs perfect CSIT of the whole cluster.

Furthermore, data sharing is required which is a

challenging task on its own. In contrast, processing

the base stations of a cluster sequentially under a

cluster–wide zero forcing criterion (SZF) is a coordi-

nated scheduling and beamforming approach where

users are only assigned to a single base station.

BD and SZF are adaptive beamforming techniques,

which require additional dedicated pilots to provide

the users a reliable phase reference.

When using fixed beamforming approaches,

where the beamforming vectors are taken from a

restricted set (i.e. a codebook), such information

can be communicated much more efficiently. For

instance, within LTE unitary beamforming (UBF)

[4]) or other greedy schemes, like the beam block-

ing method (BB) [5], where proposed to enable

MU–MIMO functionalities. The Rate Approxima-

tion scheme (RA) was introduced by the authors

in [6] and shown to be able to outperform any of

the above fixed beamforming schemes. In [7], [8]

the authors showed that RA outperforms adaptive

beamforming techniques over a profound range of

practically relevant SNR values and that the rate

loss due to the rate–constrained feedback channel

scales double exponentially with the number of

feedback bits. This can not be achieved by most

other feedback schemes, e.g. zeroforcing (ZF) was

shown in [9] to have only an exponential scaling.

One of the main challenges in LTE systems are the

imperfections of the CSIT and the strong increase

of the out–of–cell interference due to the reuse

of resources in neighboring cells. Therefore, we

discuss the potential gains in system performance

and the overall stability of different transmit and

feedback strategies under LTE relevant limitations.

Our contributions are manyfold; the main results can



summarized as follows.

• We extend the RA scheme to cope with multi-

cellular systems and show that it remains enor-

mously robust under minimal feedback rates.

• It is evinced that conventional CoMP schemes

are dramatically sensitive under partial CSIT.

• We show that accurate approximates of the per

user rates at the base station are of inestimable

value if link adaption (i.e. selection of a mod-

ulation and coding scheme) is considered.

Notations: Bold face capital and small letters

denote matrices and vectors, respectively. a
H is the

hermitian conjugate of the vector a. ‖ · ‖ denotes

the Frobenius norm if applied to matrices and the

Euclidean norm if applied to vectors. The unit sphere

in C
N is denoted by S

N−1 and E[·] is the expected

value.

II. SYSTEM MODEL

We consider the downlink of a cellular system

comprising of multiple base stations and multiple

receivers, i.e. users. We assume that the base sta-

tions are grouped in disjoint cooperating clusters.

In the sequel we consider an arbitrary but fixed

cooperating cluster comprising of B base stations

equipped with NT antennas and M single antenna

users (extension to multiple receive antennas are

discussed below). OFDM is used in LTE to divide

the available bandwidth in orthogonal subcarriers.

The subcarriers are grouped in scheduling blocks,

i.e. the smallest scheduling unit. In the sequel we

consider one arbitrary but fixed scheduling block

F = {f1, f2, . . . , fF }. In each transmission interval

a central scheduling unit assigns each base station a

subset of users; the users assigned to base station b

are collected in the set Sb. The signal received by

user m on subcarrier f ∈ F is given by

ym(f) =
B

∑

b=1

h
H
m,b(f)V bxb(f) + nm(f),

where hm,b(f) ∈ C
NT×1 is the channel from base

station b to user m, xb(f) ∈ C
|Sb|×1 is vector of

complex information symbols intended for users Sb

and nm(f) ∼ NC(0, σ2
m) is additive with Gaus-

sian noise. Note that the transmit precoding matrix

V b ∈ C
NT×|Sb| does not depend on the subcarrier

f , i.e. we assume that for each scheduling block

F a common precoding matrix is selected. The

beamforming vector assigned to user m ∈ Sb is

vb,m such that the precoding matrix at base station

b is given by V b = [vb,m]
m∈Sb

. We assume uniform

power allocation between scheduled users and a per

base station power constrained, i.e. ‖V b‖ = 1 and

‖xb(f)‖2 = 1.

III. FEEDBACK AND TRANSMIT STRATEGIES

In general each transmission interval can be

clustered in three phases: the feedback phase, the

scheduling phase and the data transmission phase.

In the feedback phase we assume that each user

m has perfect local channel state information. That

is, each user m knows the channels hm,b(f) per-

fectly for all b = 1, . . . , B and all f ∈ F . Via

a common feedback channel the base station clus-

ter gets knowledge of these channels in form of

one estimate h̃m,b = ϑm,b · νm,b ∈ C
NT for the

whole scheduling block F . We assume that only

the normalized channel direction information (CDI)

νm,b is quantized with a certain amount of feedback

bits. The channel quality information (CQI) ϑm,b

is not quantized which can be justified by noting

that for CQI quantization a sufficient amount of

feedback bits must be allocated to cope with the

fine granularity of available modulation and coding

schemes, anyhow.

In the scheduling phase the central scheduling unit

assigns each base station b = 1, 2, . . . , B a subset

of users Sb and each user m ∈ Sb a beamforming

vector vb,m. The scheduling is performed solely on

the partial CSIT h̃m,b. The scheduling objective is

maximum sum rate, i.e.

R(S) =
B

∑

b=1

∑

m∈Sb

rm(Sb, V b),

where S = S1 ∪ S2 ∪ . . . ∪ SB and

rm(Sb, V b) =
1

|F|

∑

f∈F

log(1 + γm(Sb, V b, f)) (1)

is the per–user rate of user m averaged over the

frequency resource F depending on the signal–to–

noise–plus–interference ratio (SINR) γm(Sb, V b, f)
defined below.

A. Single Cell Processing

The only coordination between base stations

within a cluster is the assignment of users to base

stations. This assignment is performed based on the

path loss, i.e. user m is assigned to the base station

b according to maxb ‖hm,b‖. The users assigned

to base station b are collected in the set Ab. The

scheduled users Sb and the precoding matrix V b

at base station b are chosen to maximize the per

base station sum rate
∑

m∈Sb
rm(Sb, V b), where the

SINR of user m ∈ Sb in (1) is given by

γm(Sb, V b, f) =

∣

∣h
H
m,b(f)vb,m

∣

∣

2

Im,b(f) +
∑

l∈Sb
l 6=m

∣

∣h
H
m,b(f)vb,l

∣

∣

2
+ σ2

m

,



and the out–of–cell interference is given by

Im,b(f) =
B

∑

a=1

a 6=b

∥

∥h
H
m,a(f)V a

∥

∥

2
.

Note that during the feedback phase user m ∈ Ab

will have no knowledge about Aa and V a for any

a = 1, 2, . . . , B. Hence, this user will not be able to

consider the real out–of–cell interference when com-

puting its channel state information (CSI) feedback

message. Fortunately, the out–of–cell interference

can be upper bounded by

Im,b(f) ≤
B

∑

a=1

a 6=b

max
v∈SNT −1

∣

∣h
H
m,a(f)v

∣

∣

2

=
B

∑

a=1

a 6=b

1

‖hm,a(f)‖2

∣

∣h
H
m,a(f)hm,a(f)

∣

∣

2

= IWC
m,b(f).

Hence, IWC
m (f) is the worst case out–of–cell inter-

ference that occurs if all interfering base stations

transmit with full power in direction of user m.

1) Local Zero Forcing (LZF): When ZF is used

at the base station to compute the beamform-

ing vectors a common approach to feed back the

CSI is to quantize the average channels ĥm,b =
1
|F|

∑

f∈F hm,b(f). We consider two channel quan-

tization approaches, i.e. codebook based (CB) and

component–wise real-/imaginary part (IQ) feedback

quantization.

When considering CB quantization each user se-

lects its CDI ν
ZF
m,b from a predefined codebook V =

{t1, t2, . . . , t2B} ⊂ S
NT−1 minimizing the chordal

distance, i.e. the CDI of user m available at base

station b is

ν
ZF
m,b = arg min

t∈V

√

1 −
1

‖ĥm,b‖2
|ĥ

H

m,bt|
2. (2)

Note that codebook based quantization requires B

bits of feedback per user and per base station.

For component–wise quantization the real and

imaginary parts of each component of the CDI

ν
ZF
m,b will be taken from a scalar codebook Vs =

{s1, . . . , sE} ⊂ [−1, 1] according to the nearest

neighbor mapping. Hence, 2NT log2(E) bits of feed-

back are necessary per base station. The elements

of Vs can be chosen equidistant or, if the channel

statistics are known, according to some probability

distribution function.

The CQI is given by a function depending on the

CDI ν
ZF
m,b and the channels hm,b(f). Our approach

is inspired by the results from [10]; but incorporates

the worst case out–of–cell interference from base

stations within the cluster. The CQI we use is given

by

log(1 + ϑZF
m,b) =

1

|F|

∑

f∈F

(3)

log



1 +
|hH

m,b(f)νZF
m,b|

2

σ2
m + IWC

m,b(f) +
(

1 − | hm,b(f)H

‖hm,b(f)‖ν
ZF
m,b|

2
)



 .

Having available the partial CSIT h̃
ZF

m,b = ϑZF
m,b ·

ν
ZF
m,b at base station b for all m ∈ Ab the set of

users Sb is found in a greedy fashion as explained in

[10]. Note that for LZF base station b requires only

feedback of the users Ab. The beamforming vectors

of selected users m ∈ Sb are determined according

to the zero forcing criterion, i.e. the beamforming

vector of user m ∈ Sb is selected to lie in the null

space of the space spanned by the vectors h̃
ZF

i,b for

all i ∈ Sb \ {m}.

B. Coordinated Scheduling/Beamforming

1) Sequential zero forcing: The feedback for SZF

is the same as for LZF, i.e. the CDI is given by ν
ZF
m,b

and the CQI is given by ϑZF
m,b, defined above.

Using SZF the base stations of a cluster are

processed sequentially in a (per scheduling interval)

random ordering. The optimal set of users is found

in a greedy fashion. Each base station serves its own

user set Sb which is disjunct from the previous sets

Sb′ for b′ < b. Base station b can select users from

the set Ab = {1, 2, . . . , M} \ (S1 ∪ S2 ∪ . . . ∪ Sb′)
After the scheduling decision at base station b the

full list S ′ = S1 ∪ S1 ∪ . . . ∪ Sb of scheduled

users will be communicated to the next base station

b+1. The beamforming vectors of users m ∈ Sb are

determined according to the zero forcing constrained

within S ′. This approach is a coordinated schedul-

ing and beamforming scheme. No data sharing is

required but base stations must exchange scheduling

decisions.

C. Joint Processing/Transmission

1) Block diagonalization: The feedback for BD is

the same as for LZF and SZF, i.e. the CDI is given

by ν
ZF
m,b and the CQI is given by ϑZF

m,b, defined above.

All base stations within a cluster serve the selected

users simultaneously, i.e. S1 = S2 = . . . = SB .

The cluster–wise precoding matrix is computed as

explained in [3] under the assumption that h̃
ZF

m,b =
ϑZF

m,b · ν
ZF
m,b are the corresponding channels. Note

that the beamforming vectors can be computed in

a distributed fashion [11]. The optimal set of users

is found in a greedy fashion. This is a joint trans-

mission scheme, i.e. data sharing is necessary.



D. Proposed Multicellular Rate Approximation

The RA scheme was introduced by the authors

in [6] and analyzed in [7], [8]. It was originally

designed for cellular systems where out–of–cell

interference is treated as noise. Here we propose

an extension of the RA scheme that incorporates

sophisticated out–of–cell interference estimates. As

we will see this makes RA an immensely robust

transmit scheme.

The RA scheme allows each base station b to

approximate the per–user rates rm(Sb, V b) defined

in (1) for any user m and any precoding matrix V b.

This is enabled by choosing the transmit beamform-

ing vectors from a fixed codebook C = {c1, c2, . . .}
and using a possibly different codebook for the feed-

back V = {t1, t2, . . . , t2B}. The feedback codebook

consists of a collection of normalized test–channels

ti ∈ S
NT−1 a priori known to all users and the

base station. To determine its feedback message to

base station b each user m must find a channel

quantization h̃
RA

m,b = ϑRA
m,b · ν

RA
m,b, with ν

RA
m,b ∈ V

and ϑRA
m,b ∈ R that minimizes

d(h̄m,b, h̃
RA

m,b) =

max
V ∈Cn

1≤n≤NT

∣

∣

∣

∣

∣

∣

ξm(h̃
RA

m,b, V ) −
1

|F|

∑

f∈F

ξm(h̄m,b(f), V )

∣

∣

∣

∣

∣

∣

,

where we define the effective channel scaled by

noise and worst precoder out–of–cell interference

IWP
m (f) (defined below)

h̄m,b(f) =
hm,b(f)

√

σ2
m + IWP

m (f)
(4)

and the function

ξm(x, V ) = log

(

1 +

∣

∣x
H

v1

∣

∣

2

1 + ‖xHV ‖2 − |xHv1|
2

)

.

Since under RA the possible beamforming vectors

are defined by a fixed codebook C we can define

a tighter worst case estimate of the out–of–cell

interference given by

IWP
m (f) =

B
∑

a=1

a 6=b

max
v∈C

∣

∣h
H
m,a(f)v

∣

∣

2
.

It can easily be seen that IWP
m (f) ≤ IWC

m (f) since in

IWP
m (f) the worst beamforming vector comes from

C ⊂ S
NT−1.

The CQI ϑRA
m,b of user m to base station b is given

by a function depending on the selected CDI ν
RA
m,b

and the normalized channels h̄m,b(f). The CQI is

given by the dependency

log(1 + ϑRA
m,b) =

1

|F|

∑

f∈F

log(1 + |h̄
H
m,b(f)νRA

m,b|
2).

This can be interpreted as the effective rate available

over the test–channel ν
RA
m,b which depends on the

channels h̄m,b(f). Utilizing the defined CQI and the

RA metric d(h̄m,b, h̃
RA

m,b) each user m finds the CDI

for base station b by solving

ν
RA
m,b = arg min

ν∈V
d

(

h̄m,b, h̃
RA

m,b

)

.

Having available the partial CSIT h̃
RA

m,b = ϑRA
m,b ·ν

RA
m,b

for all m at all base stations b, efficient scheduling

can be performed. Assume each user is assigned to

a single base station a priori and collect the users

assigned to base station b in the set Ab. Then the

scheduling decision at base station b can be found

by solving

max
S⊆Ab

max
V ∈C|S|

∑

m∈S

ξm(h̃m,b, V )

Note that this can be solved either by a brute force

search over the user sets S ⊆ Ab and V ∈ C|S| or

more efficiently in a greedy fashion similar to [10]

and references within. Alternatively, more sophisti-

cated user selections are now possible. For instance,

the base stations within a cluster can be processed

sequentially; assume we start with some base station

b′, then the available users for this base station are

Ab′ = {1, 2, . . . , M}. The second base station b′′

would have the user pool Ab′′ = {1, 2, . . . , M}\Sb′

available for scheduling. In this manner we process

all B base stations.

Note that extensions of the RA scheme to multiple

receive antennas can be found in [6]. Implementing

the multicellular introduced here is straightforward.

IV. SIMULATIONS

The channels are modeled by the spatial channel

model extended [12], which is configured according

to the LTE downlink, i.e user velocity 3 km/h,

system bandwidth 10 MHz, 4 correlated transmit

antennas. The feedback codebook for ZF based

methods and the transmit and feedback codebook for

RA are given by the optimized codebook defined in

[5] which has 23 elements. For IQ quantization the

elements of Vs are chosen according to a Gaussian

distribution.

Fig. 1 shows the average spectral efficiency over

the number of feedback bits per user. We observe

that joint transmission (i.e. BD) is very sensitive to

imperfect CSIT. Hence, the performance gain over

non–cooperating schemes is completely lost for a

number of feedback bits smaller than 120 bit per

user. Coordinated beamforming (i.e. SZF) is outper-

formed by single cell processing if the number of

feedback bits is smaller than 72 bits per user. With a

reasonable amount of feedback bits (i.e. smaller than



3 9 24 40 56 72 120 168 216ideal CSIT
10

15

20

25

30

35

40

total number of feedback bits per user per scheduling block [bit]

a
v
e

ra
g

e
 s

p
e

c
tr

a
l 
e

ff
ic

ie
n

c
y
 [

b
it
s
/s

e
c
/H

z
]

 

 

BD, 1 subcarrier

BD, 12 subcarrier
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72 bit: SZF pays out

120 bit: BD pays out

3 − 72 bit: RA outperforms ZF 
due to inherent robustness

Fig. 1. Average net spectral efficiency over total number of

feedback bits per user: comparing CoMP (SZF and BD) with

coordinated single cell processing (LZF and RA) for different

scheduling block sizes (|F| = 1, 12, 36 subcarrier). Setup: B =

3, NT = 4, M = 12 user, |Sb| ≤ 2, single receive antenna.

72 bits) the best performance is achieved with RA.

Moreover, RA is immensely robust against CSIT

uncertainties at the base station, i.e. the performance

loss compared to perfect CSIT is very small.

Two fixed beamforming approaches discussed

within LTE are UBF [4] and the BB method [5].

Where each user reports a preferred codebook index

chosen from the transmit codebook C utilizing (2)

and a CQI reflecting the expected SINR or SNR,

respectively. The user selection is then performed

in a greedy fashion based on the partial CSIT. For

details we refer to [4] and [5].

Fig. 2 depicts the performance of UBF and BB

compared to RA in system level simulations. Based

on the partial CSIT the base station cluster performs

scheduling and selects a modulation and coding

scheme (i.e. link adaption). The RA scheme clearly

outperforms UBF and BB due to the accurate ap-

proximation of per–user rates at the base station.

Moreover, RA performs close to a scheme where

the beamforming vectors are taken from a fixed

codebook but perfect CSIT is available.

V. CONCLUSION

We observed that supporting base station coor-

dination or cooperation in a multicellular system

requires a considerable amount of feedback and

precision on the transmit beamforming vector vari-

ations within the resources. We demonstrated that

under a reasonable amount of feedback the extended

RA scheme yields the best performance. Especially,

when link adaption is considered the accurate ap-

proximates of per user rates at the base station

provided by RA are of inestimable value.
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J. Hansen, “MATLAB implementation of the interim

channel model for beyond-3G systems (SCME),” May

2005.


	Introduction
	System Model
	Feedback and Transmit Strategies
	Single Cell Processing
	Local Zero Forcing (LZF)

	Coordinated Scheduling/Beamforming
	Sequential zero forcing

	Joint Processing/Transmission
	Block diagonalization

	Proposed Multicellular Rate Approximation

	Simulations
	Conclusion
	References

