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Abstract—LTE-Advanced (LTE-A) proposed by the 3rd Gen-
eration Partnership Project (3GPP) has been accepted by the
International Telecommunication Union (ITU) in 2010 as an
IMT-Advanced (IMT-A) compliant 4G mobile radio system. As
part of this application 3GPP has provided LTE-A system level
simulation results for cell spectral efficiency and cell edge user
spectral efficiency.

In this work we analytically derive the uplink spectral ef-
ficiency, throughput distribution, and cell edge user spectral
efficiency for LTE-A in an IMT-A scenario and validate it by
comparison to system level simulation results gained from the
openWNS simulator. We use the model to evaluate the impact of
power control on uplink system performance.

I. INTRODUCTION

In March 2008 the International Telecommunication Union
Radiocommunication Sector (ITU-R) published a circular let-
ter calling for proposals for next generation radio communi-
cation systems. In response the 3GPP proposed a set of radio
interface technologies (SRIT) in June 2009 named Long Term
Evolution Advanced (LTE-A). Along with the description of
the proposed system, a self-evaluation of LTE-A performance
was submitted to ITU-R.

Multiple evaluation groups supported the IMT-Advanced
(IMT-A) process to verify the self-evaluation performance
results of IMT-A candidate systems. System level simulation is
an established method to evaluate the performance of complex
systems but faces challenges like excessive simulation run
time, possible implementation errors with unknown impact
on the results and valid modelling assumptions. To guarantee
comparable results and agree on common assumptions, or-
ganisations involved in the IMT-A evaluation process had the
need to verify their simulation tools. The baseline reference
configuration for LTE Release 8 calibration [1] served as a
starting point to mutually calibrate the simulators of the organ-
isations involved. In the European WINNER+ project partners
cooperated to evaluate LTE-A performance and calibrate their
simulators as described in [2].

The channel model calibration results of [2] proof that
the simulator implementations used by WINNER+ partners
produce identical results. The system level performance cali-
bration results, however showed significant differences among
the partners, especially for the downlink throughput distribu-
tion for the Indoor Hotspot scenario. Uplink results for this
scenario have only been provided by two partners and also
differ significantly.

In the following we present an analytical model to calculate
both, the Signal to Interference and Noise Ratio (SINR) and
throughput distribution in the uplink, and there from the
cell- and cell edge user spectral efficiency. These results are
used to verify the correct implementation and output of the
open source Wireless Network Simulator (openWNS) [3] used
by the authors to evaluate LTE-A performance within the
WINNER+ project.

This paper is organised as follows: After introducing the
IMT-A evaluation methodology to estimate cell spectral effi-
ciency (CSE) and cell edge user spectral efficiency, in Section
II we introduce an analytical model to calculate the same
results as gained by system level simulation. In Section III we
briefly discuss the simulator implementation before comparing
simulator and analytic results in Section IV. We present a
conclusion in Section V and give an outlook on possible future
work.

Section I is valid for both, uplink and downlink, and
therefore closely follows the work related to the downlink eval-
uation in [4]. The uplink analysis presented in later Sections
significantly extends this work.

A. IMT-Advanced Evaluation Methodology

The IMT-A Evaluation Methodology document [5] defines
four test environments in which candidate radio interface tech-
nologies (RITs) have to prove that they meet the performance
specified by ITU-R. System and link level simulation, mathe-
matical analysis, and inspection are specified in [5] to be used
for performance evaluation, each method for a specific task.
The cell spectral efficiency, cell edge user spectral efficiency
and Voice over IP (VoIP) capacity are specified to be evaluated
by system level simulation.

The test environments specified are Indoor, Microcellular,
Base coverage urban, and High speed. Each environment
has a specific geometric deployment scenario namely Indoor
Hotspot (InH), Urban Micro (UMi), Urban Macro (UMa), and
Rural Macro (RMa), defined by the cell size and Inter-site
distance (ISD) for the last three. The InH scenario is formed
by a rectangular floor spanning 120 m by 50 m with two
Base Station (BS) sites as shown in Figure 1. The BSs in
the InH scenario are equipped with omnidirectional antennas,
while the cellular scenarios apply three sector BS sites. For
each scenario the carrier frequency, transmission bandwidth,
maximum transmission power, transceiver height, and number



of antenna elements is specified. The channel model comprises
a large- and a small-scale fading component with individual
parameters for each scenario. The large-scale channel model
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Fig. 1. IMT-Advanced Indoor Hotspot scenario.

defines fixed, distance dependent, path-loss and additionally
log-normally distributed shadowing loss with standard devi-
ation σc. Multiple simulation runs, each with different uni-
formly distributed random positions of User Terminals (UTs),
are required to obtain statistically relevant results. For each
run the path-loss is fixed due to the fixed UT position. The
value of the random shadow loss is drawn randomly once for
each link and remains constant for a given simulation run. The
path-loss is calculated from PL = βc + γc log10 d, where d is
the distance between the communicating nodes. The index c
indicates that the standard deviation σc, the fixed offset βc, and
the slope γc depend on the channel conditions. The channel
conditions may be either line-of-sight (LoS) or non line-of-
sight (NLoS). For each simulation run the channel conditions
for each link are determined randomly following a distance
dependent distribution specified in [5].

The random values of the large-scale channel model are
only drawn once per simulation run. Additionally the small-
scale fading model, as described in [5], creates time varying
channels during the simulation run. It defines the realisation of
the channel response matrix at each time instant for all paths
between the sender and receiver on all frequency subchannels.
The result is a fading process correlated in frequency and time.
The channel coherence time depends on the UT velocity which
is 3 km/h for InH and UMi, 30 km/h for UMa and 120 km/h for
the RMa scenario. The velocity is only used as a parameter in
the small-scale model, the nodes do not change their position
during one simulation run.

B. Related Work

Results for upper and lower bound CSE for cellular systems
with reuse distance equal to or greater two are presented in
[6]. The authors of [7] present a model to obtain results for
reuse-1 scenarios without shadowing and also provide lower
and upper bound approximations for CSE. The downlink SINR
distribution of a multi-femto-cell scenario with shadowing
is evaluated in [8]. In [4] we present a model to derive
the downlink performance of a Long Term Evolution (LTE)
system in the InH scenario and compare it to system level
simulator results.

The system level simulator openWNS [3] calibrated in the
WINNER+ project is validated by the results of the analytical

model introduced in Section II.

II. ANALYTIC MODEL

A. SINR Distribution

To derive the overall uplink SINR distribution of the InH
scenario we first derive the distribution of the received signal
power SRx and interference power IRx emitted from a single
UT at position [x, y]. We choose the position of the left
BS in Figure 1 as the origin of the coordinate system. The
distance of a UT to the left BS is dL =

√
x2 + y2 and

dR =
√

(x− 60)2 + y2 is the distance to the right BS. From
Eq. (1) taken from [5] the LoS probability for the links to both
BSs can be calculated.

P (c = LoS|d) =


1, d ≤ 18
exp(−d−1827 ), 18 < d ≤ 37
0.5, d > 37

(1)

The path-loss to each BS is then normally distributed with
mean value µLoS(d) = βc + γc log10(d) since the random
shadowing component of the path-loss is normally distributed.
The probability density functions (PDFs) are p(PLL) =
φ(PLL, µc(dL), σc) and p(PLR) = φ(PLR, µc(dR), σc) for
the path-loss to the left and right BS, respectively, where φ is
the PDF of the normal distribution.

The UT will choose as serving BS the one that has the lower
path-loss. For now we assume the UT is served by the left BS.
The received signal power at the serving BS is SRx,L = PTx−
PLL. The path-loss compensation power control algorithm of
the LTE standard [1] is applied, so the transmission power
PTx is not equal for all UTs. It is described by the equation
PTx = αPLL + P0 where α and P0 are system parameters.
The lower right part of Figure 2 shows the received signal
power. Its distribution can be calculated by integration over
the two dimensional probability space created by the random
path-losses with the substitution PLL =

SRx,L−P0

α−1 . The result
is provided in Eq. (2).

IRx,L
= -110 dBm

P0 = -85
α = 0.6

dB 62.5
α-1
IP LRx,0 =

−

Served by BSL
SRx,L = αPLL + P0 - PLL

SRx,L = -70 dBm

Interferer to BSL
IRx,L = αPLR + P0 - PLL

S

I

Fig. 2. Interference I and signal power S received from a UT at left BS.



p(SRx,L|PLL < PLR) =
p(SRx,L, PLL < PLR)

ζ

=
φ(PLL, µ(dL), σ)

ζ

∫ ∞
PLL

φ(PLR, µ(dR), σ)dPLR

=
φ(PLL, µ(dL), σ)

ζ
(1− Φ(PLL, µ(dL), σ), (2)

ζ = P (PLL < PLR) = Φ(0, µL − µR,
√

2σ)

Here Φ means the Cumulative Distribution Function (CDF) of
the normal distribution. The formula is valid for LoS or NLoS
channel conditions on either or both links, so the index c ∈
{LoS, NLoS} is omitted.

The considered UT could also be associated to the right BS
with probability ζ̄ = 1−ζ. It then becomes an uplink interferer
to the left BS causing the received interference power IRx,L =
αPLR + P0 − PLL. The dependency between the received
interference power and the path-losses to the BSs is shown in
the upper left part of Figure 2. We now use the substitution
PLL = αPLR +P0− IRx,L to obtain the interference power
distribution p(IRx,L). The result is provided in Eq. (3).

p(IRx,L|PLL > PLR)

=
1

ζ̄

∫ P0−IRx,L
1−α

−∞
φ(PLR, µ(dR), σ1)

· φ(PLL, µ(dL), σ2)dPLR

=
1

ζ̄
φ(IRx,L, µ(dL)− P0 − αµ(dR), σ′)

· Φ((ασ2
1 + σ2

2)IRx,L, µ
′, σ2

1σ
2
2σ
′), (3)

σ′ =
√
α2σ2

1 + σ2
2 ,

µ′ =ασ2
1(µ(dL)(α− 1) + P0)

+ σ2
2(µ(dR)(α− 1) + P0)

To calculate the distributions p(SRx,R) and p(IRx,R) if the
right BS is serving, the random path-losses described by their
first two moments need to be exchanged in Eq. (2) and (3).

The overall received uplink signal power distribution
p(SRx|x, y) of a UT at position [x, y] is then the weighted
superposition over all possible link condition and serving BS
combinations:

p(SRx|x, y)

=
∑

∀c1,c2∈C

P (c = c1|dL(x, y))P (c = c2|dR(x, y))

· ζp(SRx,L(c1, c2))|PLL < PLR)

+
∑

∀c1,c2∈C

P (c = c1|dL(x, y))P (c = c2|dR(x, y))

· ζ̄p(SRx,R(c1, c2)|PLR < PLL) (4)

The interference power PDF p(IRx|x, y) is found analogously.
Since a significant portion of the interference power dis-

tribution is close to and below the thermal noise power N
the distribution of the sum of both must be calculated. The
PDF must therefore be transferred to linear domain using
the transformation p(100.1x) = x−1p(10 log10(x)). Adding

the deterministic noise power N results in the substitution
x → x − 100.1N . After transforming back to logarithmic
domain the distribution of the sum of interference and noise
is:

p(NIRx) =
100.1IRxp(10 log10(100.1IRx − 100.1N ))

100.1IRx − 100.1N
(5)

The uplink noise power equals N = −116.4 dBm on a
subchannel with 180 kHz bandwidth and 5 dB receiver noise
figure at the BS. Figure 3 shows the CDF of the received
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Fig. 3. Signal, interference and sum of interference and noise power
distribution emitted from position [27m, 5m]. α = 0.6, P0 = −85.

signal, interference and sum of noise and interference power
at the left BS. To validate the results the empirical distribution
function is also shown. It is obtained by deploying 106 nodes
at position [27m, 5m], calculating the fixed component of the
path-loss to each BS, drawing the random channel condition
on each link (LoS or NLoS), drawing the random shadowing
path-loss component and then deciding which BS is serving.
The simulated ratio of nodes served by the left BS matches
ζ = 0.65 from Eq. (2). Analytical results and simulated results
match very well. The analytical PDFs have been sampled at
0.02 dBm resolution and summed up since a closed form
solution for the according CDFs does not exist as far as we
know.

p(NIRx) =
{

A

p(NIRx|x, y)

A

p(SRx) =
{

A

p(SRx|x, y)

A
(6)

To achieve the overall received power distribution, integration
over the entire scenario and normalisation to the area size
A = 50· 120 m2 is required, see Eq. (6). As far as we know
there is no closed form solution for the integral. For that
we numerically sum up the distributions at each position and
normalise the result to the number of sampling intervals.

B. Radio Resource Allocation and Link Adaptation

According to the 3rd Generation Partnership Project (3GPP)
simulator calibration scenario for LTE [1] UTs are served



RoundRobin in frequency domain. Each UT gets an equal
amount of resources in every frame. The IMT-A evaluation
guideline specifies 20 MHz bandwidth per duplex direction
for the Frequency Division Duplex (FDD) InH scenario. This
results in 100 Resource Blocks (RBs). Four RBs are reserved
for the Physical Uplink Control Channel (PUCCH) according
to [1]. The remaining NRB = 96 for the Physical Uplink
Shared Channel (PUSCH) are equally distributed between the
served UTs.

The number a of UTs served by a BS is a random variable.
Due to symmetry the probability of a randomly placed UT to
be served by either BS is 0.5. The number of associated UTs is
then distributed Binomially P (a) = B(n, p), n = 20, p = 0.5
since the experiment is repeated for each of the 20 UTs. In
the following we denote the set of all UTs M = {m1...m20},
the ones served by the left BS ML = {m1...ma} and the
ones served by the right BS MR = M\ML. In general
the number of RBs NRB is not divisible without remainder
by the number of served UTs a. Therefore according to [1]
ML,low = mod(NRB, a) UTs receive nRB = bNRB/ac RBs
and the other ML,high = a −ML,low receive one RB more.
This is done analogously for the right BS and indicated by the
index R. The function nRM(mi, a) returns the number of RBs
assigned to the UT mi if the left BS serves a UTs. Figure

1 PUCCH

101 1 10

m

1 PUCCH

PUDCH used 
by UTm

BS

Set of interferers of UT1 = (1)

10 10 10 10 10 10 11 11 11 20 1101 1 10
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9 1
S b h l
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Fig. 4. Uplink resource allocation if 9 UTs are served by the left BS.

4 shows an example resource allocation if a = 9 UTs are
served by the left BS. In this case UT1 is interfered by UT10
on eight and by UT11 on two RBs. Generally we address the
set of interferers to station k as I(k). In [9] multiple models
are compared on how to determine the Packet Error Rate
(PER) of a transmission on multiple subchannels experiencing
different SINRs. It concludes that a mutual-information based
approach taking into account the used modulation produces
most realistic results. This approach is therefore used for
error modelling at the receiver of the simulator. To reduce
complexity the Link Adaptation (LA) algorithm uses a more
conservative algorithm calculating the average interference
IRx to UTk as the arithmetic average weighted by the number
of resources occupied by each interferer.

IRx(k, a) =

10

nRB(mk, a)
log10

( ∑
∀i∈I(k)

nRB(mi, a)100.1IRx
)

(7)

p(nRB(mi, a)100.1IRx) =

p(IRx − 10 log10(nRM(mi, a))) (8)

The distribution of the weighted interference power in dB
is obtained by Eq. (8). To our best knowledge no closed
form solution for the convolution calculating the distribution
of the sum in Eq. (7) exists. It is calculated numerically by
consecutively applying the method of logarithmic convolution
from [10]. The division by nRB(mk, a) results in a shift
analogous to Eq. (8).

We then have to calculate the average interference distri-
bution for each of the 20 UTs and for each possible number
of associated UTs a ∈ [1, 19], neglecting the unlikely case
(P (a = 0 ∨ a = 20) ≈ 2 · 10−6) of one BS serving all UTs.
Due to the commutativity of the sum in Eq. (7) only 48 unique
combinations instead of 18 · 20 = 360 have to be calculated.

The SINR distribution of UTk is then the convolution

p(SINR(k, a)) = p(SRx) ∗ p(−IRx(k, a)). (9)

C. Mapping of SINR on Throughput

The SINR distribution p(SINR(k, a)) can be mapped on a
data rate distribution. For that purpose a mapping of SINR to
modulation and coding scheme (MCS) must be performed. A
subset of 13 MCSs defined by the LTE standard is used. The
mapping is based on the work presented in [11]. The MCSs
have been used by some WINNER+ partners to create system
level simulation results. The data rate is multiplied by the
number of assigned RBs nrb(k, a) and reduced by 8 bit fixed
Radio Link Control (RLC) header and 32 bit Medium Access
Control (MAC) header to calculate the throughput t(k, a). The
code rate has been reduced to model 8 symbols per RB used
as reference symbols not available for user data traffic. The
throughput probability P (t = nRB(k, a)ri) has 96·13 = 1248
entries, one for each combination of number of granted RBs
nRM ∈ [1, 96] and data rate of the MCSs ri, i ∈ [1, 13].

Switching points between MCSs are chosen guaranteeing a
maximum PER of 10−4. The minimum SINR for an MCSs of
data rate ri is denoted SINRriMin. Using Eq. (9) the prob-
ability P (r(k, a) = ri) = P (SINRriMin(k, a) < SINR <
SINRr(i+1)Min(k, a)) for each MCS can be calculated.

The throughput distributions P (t(k, a) for all UTs and all
numbers of served stations a have to be summed up and
weighted by the probability for the number of served stations
to achieve the mean throughput distribution of all UTs.

P (t) =
1

20

20∑
k=1

20∑
a=1

P (a = a)P (t(k,a)) (10)

III. SIMULATOR MODEL AND ASSUMPTIONS

The openWNS simulator used to obtain system level perfor-
mance results for LTE validation for IMT-A fully implements
the previously addressed large-scale channel model. Small-
scale channel fading is disabled since it has only little influence
on the results (see [4]) and it is not considered in the analytic
model. The traffic generator creates 1480 byte long Internet
Protocol (IP) Service Data Units (SDUs). The segmenting
queues within the resource allocation unit (scheduler) imple-
ment segmentation and concatenation to provide the exact
amount of data fitting the transmission block granted by the



scheduler. Transmission blocks consisting of multiple RBs as
shown in Figure 4 are assigned to the UTs according to the
algorithm described in Section II-B. LA is done based on
measurement results contained in received data. In compliance
with LTE simulator calibration assumptions [1] an uplink
measurement is delayed by 6 ms before it can be used for
LA. Measurement results are averaged in frequency domain
by computing the arithmetic mean over all RBs a UT is active
on. No averaging in time domain is performed.

The receiver calculates the mutual-information based effec-
tive SINR for each received transport block and calculates
the PER. A random number is then drawn to decide if data
is successfully received. Otherwise a Negative Acknowledge-
ment (NACK) is transmitted to the sender triggering a Hybrid
Automatic Repeat Request (HARQ) retransmission. Since the
HARQ mechanism is not considered in the analytical model it
is therefore disabled. A discussion on the implications of that
is provided later.

IV. RESULTS

To obtain first simulator validation results we set α = 1
and P0 = −106 dBm as it was done for the layer 2 calibra-
tion results within the WINNER+ project [2] and proposed
in [1]. In this case Eq. (3) is simplified to p(IRx,L) =
ζ̄−1φ(IRx,L, µ(dR)−µ(dL) +P0,

√
σ2
1 + σ2

2)1{IRx≤P0}. The
received signal power SRx,b = 1·PLb+P0−PLb is then con-
stant and equals P0. The throughput distribution for α = 0.5
and P0 = −65 dBm is also evaluated. Figure 5 shows the
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Fig. 5. UT throughput distribution.

resulting UT throughput distributions and compares them with
system level simulation results. For the system level simulation
the average over 2000 simulation runs, each with different UT
positions and channel realisations, is calculated. Analytic and
simulation results match very well.

The CSE is the sum of the expected throughput per ter-
minal normalised to the channel bandwidth and number of
cells. The analytic CSE for α = 1, P0 = −106 dBm is
1.5124 bit/s/Hz/Cell which is very close (0.4% difference) to
the simulator result 1.4970 bit/s/Hz/Cell. The cell edge user

spectral efficiency, which is the 5-percentile of the throughput
distribution, is 0.0634 bit/s/Hz and 0.0636 bit/s/Hz for the
analysis and simulation, respectively. This is a relative dif-
ference of 0.32%. For α = 0.5, P0 = −65 the CSE results
2.2844 bit/s/Hz/Cell and 2.688 bit/s/Hz/Cell and cell edge user
spectral efficiency results 0.0569 bit/s/Hz and 0.0571 bit/s/Hz
for analysis and simulation, respectively match very well. The
relative difference is below 0.6% for both results.

To evaluate the impact of backward error correction on
the throughput, simulation results with HARQ enabled are
provided, too. The graph inserted in the upper left part of
Figure 5 shows that HARQ assures every user can successfully
communicate. Without it approximately 0.4% of the users
cannot communicate since their SINR is not sufficient for
the most robust MCS. The results with HARQ enabled do
not significantly differ from results with HARQ disabled. The
influence of HARQ increases in scenarios with more users
experiencing channel conditions not allowing any commu-
nication. The transmission power of a UT depends on the

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

α

C
el

l S
pe

ct
ra

l E
ffi

ci
en

cy
 [B

it/
s/

H
z/

C
el

l]

 

 
P0 = -125.0; Simulated

P0 = -105.0; Simulated

P0 = -85.0; Simulated

P0 = -65.0; Simulated

P0 = -45.0; Simulated

P0 = -105.0; Analytic

P0 = -85.0; Analytic

P0 = -65.0; Analytic

P0 = -45.0; Analytic 

Fig. 6. CSE versus α.

power control parameters α and P0 and is calculated as
PTx = αPL+P0 where PL is the path-loss to the serving BS.
Reducing α and P0 both result in reduced transmission power
decreasing the received signal power SRx but also reducing
the interference power IRx.

Figure 6 shows the CSE versus α for different values of P0.
Analytical results are compared with simulation results.

Apparently the CSE increases as α increases. For the highest
three values of P0 a maximum is reached at 2.55 bit/s/Hz/Cell.
For the lowest value P0 = −125 dBm no data is transmitted
successfully since all received powers are significantly below
thermal noise N . For P0 = −45 dBm the maximum CSE is
already reached at α = 0.4.

The accumulated transmission power on all RBs used by a
UT is limited to 21 dBm. In 99.4% of the cases six or more
UTs are served by a BS so no more than 17 RBs are used
by one UT. This results in a maximum transmission power
of 8 dBm per RB. For α > 0.8, P0 = −65 dBm and α >



0.6, P0 = −45 dBm the total transmission power is above the
threshold, so the results for this configurations are not valid
for real systems. A power limitation is yet not considered in
the analytical model and is disabled in the simulator.

The analytical results match the simulation results but
differences are visible for some points. Simulation results are
averaged over 100 drops each with different UT positions and
channel realisations. The plotted 95% confidence intervals are
small, so the discrepancy does probably not originate from the
simulation results. The analytical model gets inaccurate if a
significant part of the received interference power distribution
is below the noise power N . In this case the distribution of the
sum of noise and interference power p(NIRx) has a steep peek
right above the noise power N . To catch its characteristics a
very high resolution for the numerical calculations is required,
especially for the logarithmic convolution from Eq. (5). On
the other hand an increased resolution significantly increases
computational effort and memory consumption. Presented
results are calculated with a resolution of 0.02 dB(m). With
this resolution calculating the CSE for one parameter set
consumes the same time as one simulation drop on the same
platform. Figure 7 shows the cell edge user spectral efficiency.
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Fig. 7. Cell edge user spectral efficiency over α and P0.

Simulation and analytic results follow the same trend but
significant differences are visible. As the relative error is much
smaller in throughput distribution results with 2000 drops
presented in 5 we conclude that more than 100 drops should
be simulated to reduce the error.

The cell edge user spectral efficiency results follow the
same trend as the CSE results. The analytic results have a
maximum at α = 0.8, α = 0.9. From this we conclude that
setting power control to α = 0.8, P0 = −65 dBm provides
best results in terms of maximising CSE and cell edge user
spectral efficiency while minimizing transmission power and
not crossing the maximum transmission power threshold.

V. SUMMARY, CONCLUSION, AND OUTLOOK

We have introduced an analytic model to calculate spectral
efficiency and cell edge user spectral efficiency in the IMT-

Advanced Indoor Hotspot scenario and thereby validate simu-
lation results. The influence of uplink power control on system
performance is evaluated, too.

Our results confirm the correct implementation of the open-
WNS simulator used for LTE-A performance evaluation [5],
[4]. The model introduced may serve to encourage other
groups that participated in the IMT-A evaluation process to
validate their LTE-Advanced simulator implementations, too.

We have found that for any fixed transmission power
offset P0 a path-loss compensation factor α can be chosen
maximising the cell spectral efficiency. Further increasing the
transmission power does not increase system performance.
An optimal power control setting in terms of cell spectral
efficiency, cell edge user spectral efficiency and power con-
sumption was presented.

The model can be extended to provide results for more
than two cells based on the work presented in [8]. Also
the influence of HARQ for users experiencing very poor
channel conditions can be included in a future analytical
model. The error resulting from numerical calculations needs
to be evaluated in more detail.
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