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Abstract—'The uplink of a cellular system where macrocells
are overlaid with femtocells is studied. Each femtocell is served
by a home base station (HBS) that is connected to the macrocell
base station (BS) via a last-mile access link, such as DSL or
cable followed by the Internet. Decoding at the BSs takes place
via either standard single-cell processing or multicell processing
(i.e., network MIMO). Closed and open-access femtocells are con-
sidered. Achievable per-cell sum-rates are derived in this setting
for a linear cellular network. Overall, the analysis lends evidence
to the performance advantages of open-access femtocells and
sheds light on the performance trade-offs between single/multi-
cell processing and different relaying strategies at the femtocells.

I. INTRODUCTION

With the recent advances in coding and multiantenna tech-
nology, interference is becoming the performance-limiting
factor in terms of area and spectral efficiency of cellular
systems. To cope with interference, two diametrically opposite
strategies are currently being investigated. On one end, femto-
cells reduce the size of a cell to contain only the customer’s
premises, thus allowing transmission with smaller powers and
the possibility to reuse the spectrum more aggressively [1]. On
the other end, network MIMO or multicell processing (MCP)
[2][3] creates clusters of macrocells for joint coding/ decoding
in order to better manage inter-cell interference.

A femtocell consists of a short-range low-cost home base
station (HBS), installed within the customer’s premises, that
serves either only indoor users, in case of closed-access
femtocells, or possibly also outdoor users that are within the
HBS coverage range, in case of open-access femtocells. Fem-
tocells in open-access mode provide an asset that the network
designer can exploit to manage the interference created by
outdoor users towards the femtocell and other macrocells.
In this work, we provide an information-theoretic look at
the performance trade-offs between open and closed-access
femtocells, on the one hand, and the deployment of femtocells
and MCP, on the other. Analysis is performed by resorting
to a simple cellular model that extends [2] and by deriving
achievable rates that are then compared via numerical results.

Notation: We define C(A) = 1/2log,det(I+ A) for a
positive definite A; Notation [1, N] represents the set of
numbers {1,..., N}.
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Fig. 1. A linear multicell system where each macrocell is overlaid with
a femtocell. Each HBS is connected to the local BS via a last-mile link of
capacity C (L = 1 in the figure).

Il. SYSTEM MODEL

Consider a linear cellular system similar to [2], where M
cells are arranged on a line, as for a corridor or a highway,
as shown in Fig. 1. Each cell, served by a base station (BS),
contains a single femtocell, served by a HBS, and presents
the same number of outdoor (i.e., outside the femtocell) and
home (i.e., within the femtocell) users. Assuming that the
channel gains are the same for different home/outdoor users
in the same cell, and focusing the analysis on achievable sum-
rates, we can concentrate without loss of generality on a single
outdoor and home user per cell, as shown in Fig. 1 [5].

Signals generated within each femtocell are received with
relevant power only by the local BS with power gain « and
the local HBS with power gain (;;, while outdoor users are
received not only by the local BS and HBS (with power gains
do = 1 and B, respectively), but also by L adjacent BSs
on either side with symmetric power gains §;, [ € [1,L].
Given the above, the received signals at a given time instant
for the BS and home BS in the Ith cell can be expressed as,
respectively

L
Yi= " V6 X0 g + VaXm + Ny,

(1a)
=1L
and Z; = \/BoXo,+ VBuXui+ Nz, (1b)
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where Xo,;and Xy, are the signals transmitted by the
outdoor ("O™) and home ("H") user in the ith cell, and
(Ny;,Nz;) are independent Gaussian noise processes with
unit-power. Power constraints for outdoor and home users
are defined as Pp, Py, respectively. Moreover, to avoid edge
effects, in (1), we have assumed that inter-cell interference
affects cells in a circulant fashion, so that every cell is impaired
by the same number of interferers (we have defined [ + ] as
the modulo-M operation and assumed M > 2L + 1).

Finally, the HBS is assumed to be connected to the cor-
responding BS via a last-mile connection (such as DSL or
cable) followed by the Internet, whose overall capacity is C
bits/ dim?. This link is wired and orthogonal to the wireless
channels [1]. The scenario at hand can be seen as an extension
of the model in [2] to include femtocells and is related to the
models in [6] and references therein for mesh networks.

We consider two alternatives for decoding at the BSs: (i)
Single-cell Processing (SCP): The BS in each cell decodes
independently; (ii) Multicell Processing (MCP): All BSs in
the system are connected to a central processor (CP) for
joint decoding. The CP collects the signals of all BSs and
jointly decodes all the M outdoor and M home messages
jointly. Furthermore, for both SCP and MCP, we will study
the performance of closed-access (CA) and open-access (OA)
femtocells. CA femtocells treat the signal of the outdoor user
as interference, whereas OA femtocells may serve as relays
towards the BS for the outdoor users. The aim is to identify
pairs of home user and outdoor users rates Ry and Ro,
respectively, that are achievable in each cell according to the
usual definitions.

I11. SINGLE-CELL PROCESSING (SCP)
In this section, we study achievable rate pairs (Rg,Ro) with
SCP and OA or CA femtocells.

A. Closed-Access Femtocells

We start with CA femtocells.
Proposition 1 (CA,SCP): Rates satisfying the following
conditions

. BHPH aPH with
Ry < mm{C<1+BOPO , C 1T AR, +C
Po
o < € (m)
Po + aPg
Ro+ Ry < C(l—l—APo) C,
are achievable with SCP and CA femtocells, where with A =
L

225101

Proof (sketch): The HBS decodes the home user’s message
by treating the outdoor user as noise (of power 3, Pp). Having
decoded, the HBS provides C' bits/dim of the decoded message
to the BS. The BS performs joint decoding of home and
outdoor users’ messages by treating inter-cell signals as noise
(of power APp). In this process, thanks to the C' bits received

2We measures the rates in bits per (real) dimension (dim).

from the HBS, the equivalent rate of the home user to be
decoded by the BS is reduced to Ry — C' (see, e.g., [4]). The
proof is completed using standard arguments.

B. Open-Access Femtocells

Turning to OA femtocells, we consider two classes of
strategies. In the first, the HBS decodes both home and outdoor
users’ messages and then shares the last-mile link capacity
C for transmission of bits from both messages (Decode-and-
Forward, DF). In the second, the HBS simply compresses and
forwards (CF) the received signal. It is noted that the latter
scheme does not require codebook information at the HBS
and thus reduces the signaling overhead.

1) Decode-and-Forward: Proposition 2 (OA-DF,SCP): The
convex hull of the union of the rates that satisfy

) oPy
Ry < mln{C(BHPH), C (m) -‘r’YC}

Ro < min{C(BpPo), C (145372%) +(1—9)C}

Ro+ Ry < min{C(B8yPu + BoFo),

aPg + Po
C( 1+ AP, )+C}

for some 0 < v < 1 is achievable with SCP and OA femtocells
employing DF relaying.

Proof (sketch): The HBS decodes both home and outdoor
users’ messages and then sends vC' bits/dim of the decoded
home message and (1 —+)C bits/dim of the decoded outdoor
message to the BS. The BS performs joint decoding as
discussed for Proposition 1, but on codebooks of equivalent
rates Ry —~vC and Rp — (1 —v)C.

2) Compress-and-Forward: Proposition 3 (OA-CF,SCP):
Rates satisfying the following conditions

Py By P
Bu < C<1+APO+1+02)
Py BoPo
Fo < C<1+APO 1+02)

Ro+Ry < C(A)

Po+aPy VBoPoty/afyPu

A — 1+APo V/(A+APo)(1+02)
\BoPo++/oBy P BuPu+BoPo
V(1+APo)(1+02) 1402

are achievable with SCP and OA femtocells employing CF
relaying, where

v/BoPo-++/aB g Pu)?
[1 +BoPo + By Pr — N2l

2 _
o° = 520 1 . @

Proof (sketch): The HBS compresses the received signal to
a description Z; of C bits/dim using Wyner-Ziv quantization,
exploiting the fact that the BS has side information Y;. The
compression noise (2) is found by imposing 1(Z;; Z|Y;) =
C following standard arguments (see, e.g., [7]). The [th BS
performs joint decoding based on the signals (Y}, Z;).




IV. MULTICELL PROCESSING (MCP)

In this section, we address achievable rates in the presence
of MCP. We recall that, with MCP, decoding is performed
at a CP connected via ideal links to all BSs. For notational
convenience, we define the channel matrix H between outdoor
users and the M BSs as the M x M circulant matrix whose
first column is given by

VTSV TRRRRY yo YISO oY/ PRV i
We also denote the eigenvalues of HH? as )\ =
(1 +25Ee /5 cos (%l))Q, Le0,M—1].

A. Closed Access

Proposition 4 (CAMCP): Rates satisfying the following
conditions

Ry < min {C <%> , C(aPr)+ C}
1 L=1
Ro < f C()\lpo)
=0
1 L=1
Ro+ Ry <

=~

> C(NPo+aPy)+C
=0

are achievable with MCP and CA femtocells.

Proof (sketch): The HBS operates as for Proposition 1. The
CP decodes jointly all the home and outdoor users’ messages
based on the signals Y;, | € [1,M] and the MC bits/dim
received from the HBSs. The equivalent rate of the home users
to be decoded is Ry — C due to the bits received from the
HBS, as, e.g., for Proposition 1.

B. Open Access

Turning to OA femtocells, as for SCP, we study both DF
and CF strategies.
1) Decode-and-Forward: Proposition 5 (OA-DFMCP):
The convex hull of the union of the rates that satisfy
Ry < min{C(ByPu), C(aPy)+~C}
[ C(BoFo), }
< min —
{ 135 C(\Po) + (1-7)C
. C(ByPu + BoPo), }
< min _
{ % leol C (/\ZPO + OéPH) +C
for some 0 < v < 1 is achievable with MCP and OA
femtocells employing DF relaying.
Proof (sketch): The HBS operates as for Proposition 2 and
the CP performs joint decoding as for Proposition 4.
2) Compress-and-Forward: Proposition 6 (OA-CFMCP):
Rates satisfying the following conditions

Ro

Ro + Ry

By Pu
Ry < C aPH+1+02
L=1
1 BoPo
Ro < Ll_OC()\lPo+1+02>
1
Ro+ Ry < EC(B)

with (2) and

PoHHT + aPyl Y 5OP°5+V 0B Prl
1402
v/BoPoHT 4+\/apf Pyl (50130 n ﬁHPH) I
1402 1402 1402

are achievable with MCP and OA femtocells employing CF
relaying.

Proof (sketch): The HBS operates as for Proposition 3 and
the CP decodes jointly all messages based on the signals
(Y1, Z)), 1 € [1,M]. It is noted that using o2 in (2) implies
that decompression of Z; is performed at the ith BS. However,
with MCP, one could potentially improve the performance by
moving decompression from the BSs to the CP, which has
better side information (namely, all Y; with [ € [1, M]). We
do not pursue this further here.

V. NUMERICAL RESULTS

In this section, we provide some insight into the perfor-
mance comparison of different scenarios and strategies through
numerical results. Throughout, we set parameters Pp = Py =
4, By = 20dB and @ = —10d B, which implies that the indoor
channel gain between home user and HBS is 30dB better than
the channel home user-BS [1], M = 30, L = 1. We focus on
maximum achievable equal rates Ry = Ro for the different
considered techniques.

We start by concentrating on the performance comparison
between CA and OA femtocells, by varying the outdoor-HBS
power gain 3, with fixed 6; = 0.4 and C = 1.5. Fig. 2 shows
that CA femtocells, due to the macro-to-femto interference,
are largely outperformed by OA techniques for increasing
Bo- More specifically, OA-DF becomes advantageous over
CA for sufficiently large 5,, while OA-CF, for the range
of 5, shown in the figure, performs always at least as well
as CA. As for the comparison between OA-CF and OA-DF,
on the one hand, OA-CF has the advantage of enabling joint
decoding at the receiver (BS for SCP or CP for MCP), while
having the drawback of adding extra noise via compression.
On the other hand, OA-DF has the advantage of providing
"clean" information bits to the receiver, at the cost of causing a
potential performance bottleneck at the home BS for decoding.
This trade-off is clear from Fig. 2: Whenever decoding at the
HBS does not set the performance bottleneck (i.e., for 5,
large enough), OA-DF outperforms OA-CF, while the opposite
is true when 3, is small so that decoding of the outdoor users
at the home BS limits the performance of OA-DF3.

We further discuss the comparison between the performance
of MCP and SCP in Fig. 3 for 5, = 10, and varying inter-
cell interference power gain d;. It can be seen that as the
inter-cell interference §; increases, the advantages of MCP
become more pronounced for all techniques. It is also noted,
similar to the example above, that CF appears to be performing
better when deployed with MCP than with SCP. This is further
discussed below.

3For B larger than 3, (not shown in the figure given the minor relevance
of this regime), the performance of CF keeps degrading as 3, increases due to
the larger quantization noise, down to the performance attainable with C' = 0.
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Fig. 2. Equal achievable rate Ry = R versus the outdoor-HBS power
gain B (01 =04, C =1.5, Po = Py =4, By = 20dB, a = —10dB,
M =30,L=1).
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Fig. 3. Equal achievable rate Ry = R versus the inter-cell interference
power gain 61 (Bp = 10, C = 1.5, Po = Py = 4, By = 20dB,
a=—-10dB, M =30, L = 1).

Fig. 4 shows the maximum equal rate of different techniques
versus the last-mile link capacity C' for §; = 0.5 and 5, =
—3dB. It is seen, following the discussion above, that, if C' is
small, OA-DF is appropriate since the performance is limited
by decoding at the BS. However, as C increases, the equal rate
achievable by OA-DF saturates to the maximum equal rate
decodable at the HBS (which is the same for both SCP and
MCP), while OA-CF does not suffer from such saturation and
keeps exploiting larger values of C to improve the quality of
the compressed signal provided to the receiver. It is also noted
that with MCP the crossing point between the performance of
OA-DF and OA-CF occurs for smaller values of C' than SCP,
due to the greater decoding power at the CP with respect to
the single BS.
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Fig. 4. Equal achievable rate Ry = Ro versus the last-mile HBS-BS link
capacity C' (61 = 0.5, Po = Py = 4, o = —3dB, By = 20dB,
a=-10dB, M =30, L =1).

V1. CONCLUDING REMARKS

While network MIMO and femtocells are being mostly
developed and studied in separation, this paper has argued
for a joint analysis, given the interplay between the two
technologies. An important observation is that femtocells,
when allowed to work in an open-access mode, have a
potentially relevant role for interference management, since
they can exploit their dedicated (wired) connection to the BS
to reduce radio interference by serving also outdoor users.
However, the relaying strategy must be carefully designed
according to whether decoding at the BSs implements network
MIMO or not, in order not to create performance bottlenecks.
This increased interference margin may be dually turned into
a corresponding reduction in power emissions, thus moving
towards "greener" wireless communications.
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