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Abstract—This paper presents an empirical study of the
achievable data rates of network multiple-input multiple-output
(MIMO) techniques including zero-forcing (ZF), zero-forcing
dirty paper coding (ZF-DPC) and dirty paper coding (DPC)
using actual 4-by-4 indoor wireless channel measurements at
3.5 GHz. Their performances are contrasted with those of
conventional techniques, in which either the base stations are
not coordinated (NC), or their interference is avoided using
frequency division (FD) multiplexing. The measurements were
taken in aisle-to-office and large unobstructed hall scenarios.
The study of these results reveals that, at high signal-to-noise
ratios (SNRs), DPC and ZF-DPC can yield more than a three-fold
increase in attainable data rates when compared to NC and FD.
The gains obtained using ZF are smaller, but still significant. At
low SNRs the system is noise-(rather than interference-) limited,
and only DPC exhibits gains. The evaluations in this paper also
show that collaborative systems such as DPC can benefit from
interference-prone environments to yield increased transmission
capacity. With regard to the propagation channel, the classical
log-normal plus Rayleigh/Ricean fading model, with parameters
fitted to the scenario type, was found to be good at predicting
the statistics of the achievable data rates of all the strategies
considered.

Index Terms—Wireless communication, MIMO, channel char-
acterization and modeling, performance analysis.

I. INTRODUCTION

THERE is an ever increasing demand for high data rates
in homes and offices with all the mobility provided by

wireless technology. Since growing numbers of users are to
be served within confined spaces, the performance of practical
indoor wireless communications systems is expected to be
limited, increasingly often, by interference [1]–[3]. Therefore,
in order to improve (or even maintain) high data rates, it will
become necessary to make use of communication techniques
capable of exploiting the coupling between the various prop-
agation links within a given service scenario so as to reduce
interference and increase received signal power.
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This management of the interference produced by access
points (APs) and users can be achieved by means of coor-
dination. Having all APs operating in a coordinated fashion
turns the set of users and APs into a network multiple-input
multiple-output (MIMO) system, and the downlink communi-
cation medium into a MIMO broadcast channel (MIMO-BC).
Network-MIMO systems hold the potential of eliminating
interference in a MIMO-BC, greatly increasing bandwidth
efficiency in multi-AP wireless systems [3], [4].

Several strategies have been proposed in the literature to
take advantage of the high interconnectivity between several
APs and a group of users that is often encountered in MIMO-
BC scenarios. The technique called dirty paper coding (DPC)
[5], [6] has been shown to be capacity-achieving in this
setting, and thus it is optimal [7], [8]. DPC is a nonlinear
precoding technique that requires full knowledge of channel
state information (CSI) at the transmitter.

The high implementation complexity of DPC suggests the
need to consider other simpler, near-optimal MIMO-BC trans-
mission schemes. One such technique, commonly referred to
as zero-forcing-DPC (ZF-DPC) [9], [10], achieves sum rates
close to those of DPC with smaller computational complexity.
In ZF-DPC, part of the interference is removed by linearly
combining the signals intended for all users so as to effectively
obtain, from end to end, a lower triangular channel matrix. The
triangularization of the channel matrix, which requires perfect
CSI at the transmitter side, makes it possible to avoid part
of the interference. The effect of all remaining interference is
eliminated by applying DPC in a sequential fashion.

Another suboptimal technique, simpler than DPC and ZF-
DPC, is zero-forcing (ZF) beamforming as described in [11]–
[13]. Zero-forcing is an entirely linear preprocessing strategy.
In this case, APs have perfect CSI and cooperate to eliminate
interference for all users, yielding an effectively diagonal
channel matrix between transmitted data flows and users.

Simpler strategies to attain downlink communication in a
MIMO-BC are obtained if each AP serves a single user and
its CSI is limited to the radio link to that user only. In
our work, we consider two possible approaches. The first
one is frequency division (FD), that is, splitting the available
spectrum into disjoint frequency bands, each one allocated to
a single AP-user pair, with each AP transmitting at full power.
The second approach, which will be referred to as the non-
coordinated (NC) strategy, is to let each AP transmit at full
power using all the spectrum available, thus accepting that in-
terference from other users will limit data rates as transmission

1536-1276/11$25.00 c⃝ 2011 IEEE



582 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 10, NO. 2, FEBRUARY 2011

power increases. The simpler FD and NC schemes in general
have inferior performances than those of DPC and ZF-DPC.
On the other hand, the former strategies impose the minimum
possible backhaul load, since each AP needs to know only the
data intended for (and the CSI related to) the user it is serving.
There exist other strategies for downlink communication in
a MIMO-BC that do not require coordination among APs
and whose performance is under certain conditions better
than that of FD and NC, such as fractional frequency reuse
(FFR) [14]. Although it is known that in some specific cases
FFR outperforms FD (see, e.g., [14], [15]) our objective here
is only to provide a few simple baseline systems as a reference
for comparison. It is understood that whichever is the choice,
different propagation conditions may favor different baseline
strategies.

The performance evaluation of diverse network-MIMO
techniques for simulated channels has been treated in various
works [11], [16]–[19]. This has included the assumption of
log-normal plus Rayleigh fading, and the use of the Wyner
model [20]–[25]. The effect of limited backhaul capacity
between APs in overall performance is assessed in [26]–[28].

Regarding the channel model, it may be reasonable to
assume that small-scale fades are independent for each channel
when antennas are several wavelengths apart, but this may
not hold for shadow fades. Several articles report on the
correlation of fades in different locations of transmit and
receive antennas [29]–[34]. To what extent such correlation
may affect the network-MIMO channel, based on widely
separated base station antennas, is not self-evident. To the best
of our knowledge, no empirically based results in support of
the assumption that a network-MIMO channel is equivalent
to a collection of independent SISO channels have been
published.

The fact that in network MIMO all APs can act in a
coordinated fashion taking advantage of CSI, generates two
related sources of capacity improvement. Interference between
AP-user pairs can be reduced and, at the same time, the total
received signal power at each user terminal can be increased.
Since these effects depend on the degree of connectivity (or,
conversely, isolation), this raises the question of how much
performance improvement can be expected for a given type
of deployment scenario.

In this paper, we evaluate and compare the maximum
data rates achievable by the DPC, ZF-DPC, ZF, FD and
NC strategies, for measured as well as simulated 4-by-4
MIMO indoor channels, under a per antenna power constraint
(PAPC). These rates were all calculated under the assumption
of perfect CSI at the transmitter. Although this would be hard
to attain with currently available technology, the results serve
as a comparison basis, being the best performance achievable
under equally idealized conditions for all schemes. Channel
measurements were obtained for two representative scenarios:
aisles with offices alongside them, and large halls. A single
slope path-loss model with log-normal shadow fading and
Rice/Rayleigh small scale fades [35], was found to be adequate
in all the scenarios for the distances at which measurements
were taken. With regard to achievable data rates, we found
that at high SNRs (in the range of 30 dB), DPC and ZF-
DPC achieve about a three-fold gain when compared to NC

or FD. The gains of ZF are somewhat smaller, depending
on the scenario, but still quite significant. A particularly
interesting finding is that both DPC schemes not only are
able to effectively mitigate the effect of interference but also
in some cases can exploit low isolation between AP-user
pairs, to yield higher data rates than in scenarios with greater
natural isolation. As would be expected, at low SNR, where
interference is not the dominant limitation on capacity, the
gain over the non-coordinated systems decreases. Our study
also reveals that the log-normal plus Rice/Rayleigh fading
model is accurate at predicting the statistics of the maximum
rates achievable by each of the network-MIMO strategies
considered, when the model parameters are selected according
to the type of scenario. Thus, an indoor MIMO channel
described as a collection of independent SISO channels, would
yield similar conclusions to those of our empirically based
study, provided that the proper model parameters are used.
However, rather than justifying what could have been deemed
as somewhat arbitrary choices of parameters to illustrate the
achievable benefits of a coordinated system, we decided to use
actual measured channel data from typical indoor scenarios
to validate our comparison. In the following sections we
describe our measurement procedures and the empirical results
obtained from them.

II. MEASUREMENT SETUP AND SCENARIOS

A. Measurement Setup

In all measurements, the custom-built channel sounder used
consisted of a single channel transmitter and a 4-channel
receiver operating at 3.5 GHz for narrowband measurements.
The single transmit antenna was placed at locations that would
in practice correspond to possible positions of a user. Four
receive antennas, one per AP, were placed at the positions
typical of AP locations. The antennas used for transmission
and reception were omnidirectional coaxial dipoles, vertically
polarized. The transmit antenna was mounted on a 50-cm long
rotating arm and moved stepwise under computer control in
6-degree increments.

In all scenarios, measurements were taken at night in the
absence of pedestrian movement. For each of the 5 scenarios
(3 aisle-to-office and 2 halls), more than a 1000 complex 1-
by-4 channel vectors were collected, each vector containing
the complex gains from a user location to the four APs.

The single conversion receiver generates 4 channel outputs
at 10 kHz. The sampled receiver output sequences were
converted into a vector of 4 complex channel gains using the
Fast Fourier Transform (FFT). Phase coherence was achieved
by locking the transmitter and receiver oscillators to GPS
disciplined sources. Exact synchronization of sampling in-
tervals produces data sequences corresponding to an integer
number of periods of the 4 sinewave outputs, which allowed
FFT processing without the need for windowing. For each
position of the transmit antenna, the 4 channel outputs were
simultaneously sampled for 1 second, and the total inter-
val was partitioned into 100 non-overlapping subintervals of
10 ms each. This allowed us to verify the consistency of
our measurements which should only differ as a consequence
of receiver noise. Since the MIMO capacity depends on the
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Fig. 1. Diagram of scenario aisle-to-office 1.

relative rather than the absolute phases of the channels, we cal-
culated phase differences with respect to one of the channels,
arbitrarily chosen as a reference. In all our measurements,
the ratio between the average gain (magnitude) and its rms
fluctuation, calculated over the sequence of 100 measurements,
exceeded 20 dB. Thus by averaging our measurements, we
further reduced the effect of the measurement noise.

B. Measured Scenarios

We performed measurements in two types of scenarios
which we considered relevant and where, as our data sub-
sequently confirmed, different propagation behaviours are to
be expected. These scenario types are as follows:

1) Aisle-to-office Scenarios: Channel measurements were
carried out in three different aisle-to-office scenarios. In all
cases the building was a steel reinforced concrete structure
with interior divisions made of wood and particleboard. For
these scenarios, the four receive antennas were wall-mounted
at a 2.5 m-height along straight aisles, with a 10-cm separation
from the particleboard interior walls. Adjacent AP antennas
were separated by approximately 8 m. The transmit antenna
was placed at desktop height inside various offices and labora-
tories adjacent to the aisle. These are non-line-of-sight (NLOS)
scenarios. The distances between the transmit antenna and the
4 receive locations ranged from 3 to 25 m. The locations of
transmit and receive antennas for scenario aisle-to-office 1 is
indicated schematically in Fig. 1. In this figure, the rectangles
and circles represent AP and user locations, respectively. The
other two scenarios of this type had similar topologies. In each
office, measurements were obtained placing the rotating arm
on three or four different user locations, more than 1-m apart
from one another, as space would allow (for simplicity, only
one of these user locations per office is shown in Fig. 1).

2) Large Hall Scenarios: We obtained measurements from
two large halls. The first one, hall-1, was a 53-m × 14-m,
glass-roofed central hall, about 7-m high, with concrete floor
and several lateral aisles leading to offices and classrooms on
two floors. This hall is built with steel beams with concrete
walls separating the hall from the adjacent spaces. The four
receive antennas were located at the corners of an imaginary
rectangle, with each antenna at approximately 10 cm from a
wall on the hall, at heights of about 2.5 m. The transmitter
rotating arm was placed in 38 different positions over a grid of

locations within the rectangle formed by the receive antennas.
This is a line-of-sight (LOS) scenario, in which link lengths
ranged from 4 to 26 m.

The second hall scenario, hall-2, was a 17-m × 23-m
gymnasium with wooden floor and concrete walls. The four
receive antennas were placed as in hall-1, while the rotating
arm was placed in 43 different positions over a grid inside the
gymnasium. Transmitter-receiver distances varied from 5 m to
nearly 24 m.

III. STATISTICS OF MEASURED DATA AND MODEL

FITTING

Before using the obtained channel measurements to calcu-
late the data rates achievable with network-MIMO techniques,
we describe the observed statistical properties of the fades in
each scenario.

The measured channel gains proved to be consistent with
what has been reported in the literature for similar sce-
narios [35]–[42]. We found that log-normal shadow fading
combined with Rayleigh or Ricean small-scale fades resulted
in an excellent model fit to our narrowband measurements,
provided the model parameters are adjusted to the measured
data. The statistics of each type of fading are described below.

A. Small-scale fading

For each wireless link, small-scale fading statistics were
analyzed by studying the 60 channel gain measurements cor-
responding to a single turn of the rotating arm. As expected, in
all aisle-to-office scenarios, these channel gains showed fading
statistics that were well described by a Rayleigh distribution.
This is consistent with a NLOS situation [35].

In the scenarios hall-1 and hall-2, these gains fit a Rice
distribution with K-factor between 0 and 3. It is worth noting
that despite the fact that these scenarios are LOS, they
are, as the previous ones, characterized by strong multipath
propagation, although to a lesser extent. In all scenarios, the
channel phases associated with each angular position of the
rotating arm were uniformly distributed and uncorrelated.

B. Large-scale fading

The large-scale fading statistics were obtained by calcu-
lating, at different locations, the averages of the channel
gains over an arm rotation. The statistics of these average
gains were well described by a log-normal distribution. More
precisely, for each link distance 𝑑, the path-loss, 𝐿(𝑑) in dB,
corresponding to each rotation-averaged channel gain followed
the behaviour of a random variable of the form

𝐿(𝑑) = 𝐿𝑟𝑒𝑓 + 10𝑛 log10(𝑑/𝑑𝑟𝑒𝑓 ) +𝑋𝜎, (1)

where 𝑛 ∈ ℝ+ is a path-loss exponent, 𝑋𝜎 is a zero-mean
Gaussian random variable with variance 𝜎2 and 𝐿𝑟𝑒𝑓 is the
path loss in dB at 𝑑 = 𝑑𝑟𝑒𝑓 , which we chose as 1 m. For each
measured scenario, the model described by (1) was fitted to
80 measured large-scale path losses, finding 𝐿𝑟𝑒𝑓 and 𝑛 by
linear regression, and then setting 𝜎2 as the empirical variance
of 𝐿(𝑑)− 𝐿𝑟𝑒𝑓 − 10𝑛 log10(𝑑/𝑑𝑟𝑒𝑓 ). The values of 𝑛 and 𝜎
so obtained are listed in Table I. For each scenario type, a
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TABLE I
PARAMETERS OF (1) FITTED TO MEASURED SCENARIOS.

Scenario 𝐿𝑟𝑒𝑓 [dB] 𝑛 𝜎 [dB]
Aisle-to-office 1 39.8 3.7 3.1
Aisle-to-office 2 50.3 2.9 3.5
Aisle-to-office 3 42.9 3.0 2.9

All aisle-to-office scenarios 45.6 3.1 4.1

Hall 1 50.3 1.3 2.1
Hall 2 51.5 1.2 2.2

All hall scenarios 50.8 1.3 2.1

row in boldface contains the model parameters resulting from
combining all data of its corresponding scenarios.

It is worth mentioning that no evidence of a “break point”
in the path-loss exponent was found from the measurements.
More precisely, no multi-slope models [43] were found to
provide a better match (in a least-squares sense) to our
empirical data. This is consistent with what has been reported
before for short-range indoor scenarios [44], [45].

It was also found that the correlation between the shadow
fades in the links between a transmitter antenna and any two
receiving antennas was, in all cases, below 0.26 (in modulus).
This was true even when the two receiving antennas (in all
cases several meters apart) were seen by the transmitter at an
angle narrower than 10 degrees.

IV. BRIEF REVIEW OF NC, FD, ZF, ZF-DPC AND DPC

In this section we present a brief review of the transmission
techniques to be evaluated in Section V and their relation to
the channel model.

A. Channel Model

A general MIMO wireless downlink narrowband channel
between 𝑀 single-antenna APs and 𝐾 single-antenna users
can be represented by a 𝐾 × 𝑀 complex valued matrix H.
Denoting the vector of signals transmitted by the 𝑀 access
points by x ∈ ℂ

𝑀 , the vector of received signals y ∈ ℂ𝐾 can
be written as

y = Hx+ n, (2)

where the noise vector n ∈ ℂ has i.i.d. circularly symmetric
complex Gaussian elements with variance 𝑁 . Notice that
ℎ𝑘,𝑚, the element in the 𝑘-th row and 𝑚-th column of H, is
the narrow-band channel gain between the 𝑚-th AP and the
𝑘-th user. Notice also that no joint processing of the output
of the MIMO channel is allowed, since it is assumed that
cooperation between users is not practical.

For the three network-MIMO strategies considered in this
work, x can be constructed as

x = WT u, (3)

where the 𝑘-th element in the vector u ∈ ℂ𝐾 is the
information-bearing signal intended for the 𝑘-th user, W ∈
ℂ𝑀×𝐾 is a linear preprocessing matrix, and T : ℂ𝐾 → ℂ𝐾

is either a non-linear transformation, in the case of DPC
schemes, or the identity matrix, in the case of ZF. We note that
an element of x can be a function of two or more user signals
only if the APs are able to operate cooperatively. Following

standard practice, we will assume that the elements of u are
independent zero-mean complex Gaussian random variables
with variances

𝑝𝑘 ≜ E [𝑢𝑘𝑢
∗
𝑘]

for 𝑘 = 1, 2, . . . ,𝐾 . Thus, (2) can be written as

y = HWT u+ n. (4)

We will assume that the APs are subject to a PAPC of the
form

𝜎2
x𝑚

≤ 𝑃, ∀𝑚 = 1, 2, . . . ,𝑀, (5)

where 𝜎2
x𝑚

is the variance of the 𝑚-th element of x, for some
maximum power 𝑃 ≥ 0. All channel matrices considered in
the sequel are 4-by-4, that is, 𝐾 = 𝑀 = 4, restricting our
analysis to four users served simultaneously by four APs.

B. Non-Coordinated System (NC)

We include NC and FD as baseline strategies, against which
to compare the other three (network-MIMO) schemes. In the
case of NC, each AP serves a single user, and all APs operate
without coordination, transmitting at maximum power over the
same frequency band. In terms of the model (4), this amounts
to restricting W to be a diagonal matrix, or any row or column
permutation of it. Since the user signal variances {𝑝𝑘} can be
chosen freely, there is no loss in generality in assuming for
this case that W = I, where I is the identity matrix. With this,
the sum rate achievable with an NC system is readily found
to be

𝑅NC(𝑃 ) =
𝐾∑

𝑘=1

log2

(
1 +

𝑃 ∣ℎ𝑘,𝑘∣2
𝑁 + 𝑃

∑
𝑚 ∕=𝑘 ∣ℎ𝑘,𝑚∣2

)
[bps/Hz].

(6)
In this expression, 𝑃 ∣ℎ𝑘,𝑘∣2 is the power of the signal
𝑢𝑘 as received by its intended user. On the other hand,
𝑃
∑

𝑚 ∕=𝑘 ∣ℎ𝑘,𝑚∣2 represents the interference affecting the 𝑘-th
user, produced by the APs serving all the other users.

C. Frequency Division Scheme (FD)

In this case, each AP transmits at full power using a fraction
of the available spectrum. We will assume that this spectrum
is partitioned into 𝐾 adjacent non-overlapping equal-width
bands. Therefore, assuming the same total bandwidth as for
NC, the maximum achievable rate of FD is trivially given by

𝑅FD(𝑃 ) =
1

𝐾

𝐾∑
𝑘=1

log2

(
1 +

∣ℎ𝑘,𝑘∣2 𝑃
𝑁/𝐾

)
[bps/Hz]. (7)

D. Zero-Forcing (ZF)

The idea in ZF is to eliminate, in the downlink, all inter-
ference produced by the APs. To do this, the matrix W in (4)
is chosen as1 W = H−1. This requires all APs to have CSI
and each of them to process the signals intended to all users.

1In general, since H may be rectangular or singular, W is typically chosen
as the pseudo-inverse of H. However, since in our study H is square and all
its realizations were non-singular, we will simply use the inverse of H.
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In this case, the highest sum rate (bits per second per Hz)
achievable under a PAPC 𝑃 is readily found to be [46]

𝑅ZF(𝑃 ) = max
{𝑝𝑘}

𝐾∑
𝑘=1

log2

(
1 +

𝑝𝑘
𝑁

)
[bps/Hz], (8)

where the signal powers {𝑝𝑘} are subject to

0 ≤ 𝑝𝑘, 𝑘 = 1, 2, . . . ,𝐾 (9a)

0 ≤
𝐾∑

𝑘=1

∣𝑤𝑚,𝑘∣2𝑝𝑘 ≤ 𝑃, 𝑚 = 1, 2, . . . ,𝑀 (9b)

and where 𝑤𝑚,𝑘 denotes the entry on the 𝑚-th row and 𝑘-
th column of W. The optimization problem defined by (8)
and (9) has been shown to be convex in [11]. Therefore, a
global maximum for the right-hand side of (8) can be obtained
numerically using standard convex optimization methods [47].
Notice that the solution to (8) subject to (9) will, in general,
yield antenna transmit powers 𝜎2

x𝑚
< 𝑃 for one or more 𝑚 ∈

{1, 2, . . . ,𝑀}. ZF is known to perform poorly at low SNR but
it is easy to improve its achievable rate under such conditions
by choosing W as a regularized inverse of H instead of its
true inverse [48]. We denote this variant of ZF as regularized
zero-forcing (RZF).

E. Zero Forcing Dirty Paper Coding (ZF-DPC)

This MIMO-BC technique was first proposed in [9] and
then further studied in [10]. The idea behind ZF-DPC is to
utilize the linear preprocessing matrix W to assure that the
𝑘-th user receives no interference from the signals 𝑢𝑗 , for all
𝑗 > 𝑘, and then use DPC to avoid the effects of the remaining
interference. More precisely, W is chosen so as to obtain

𝑦𝑘 = 𝑔𝑘,𝑘𝑣𝑘 + 𝑛𝑘 +

𝑘−1∑
𝑗=1

𝑔𝑘,𝑗𝑣𝑗 , (10)

where 𝑔𝑘,𝑗 are the elements of some lower-triangular matrix
G and 𝑣𝑘 is the 𝑘-th element of the vector

v ≜ T u,

see (3). In [10] and [49], this is achieved by choosing

W = Q, (11)

where Q is the unitary matrix in a QR decomposition of H𝐻 ,
i.e., H = (QR)𝐻 , with R being an upper triangular matrix
and (⋅)𝐻 denoting the conjugate transpose operator. Choosing
W as in (11), we have that

y = HWv + n = R𝐻v + n (12)

which attains the interference-avoidance outcome described
by (10) with G = R𝐻 . If H is invertible (as is the case
in all the channel matrices considered in this work), then all
matrices R satisfying this factorization differ only by a sign
inversion in any subset of their rows.2 Therefore, in our case,
the absolute value of each element of R (and thus of G as
well) is fixed once H is known.

2This is a direct consequence of the well known fact that, for a non-singular
square matrix H, there exists a unique QR factorization H𝐻 = QR in which
all the elements in the main diagonal of R are positive, see, e.g., [50].

In ZF-DPC, the effect of the interference represented by
the sum at the right end of (10) is avoided by employing
dirty paper coding (DPC) [5]. The latter requires having, at
the transmitting end, perfect CSI as well as full knowledge
of all user signals. After applying DPC and transmitting the
result through the channel (10), each 𝑢𝑘 is decoded as if there
had been no interference at all [5]. Therefore, the achievable
sum-rate of ZF-DPC is given by

𝑅ZF-DPC(𝑃 ) = max

𝐾∑
𝑘=1

log2

(
1 +

∣𝑟𝑘,𝑘∣2𝑝𝑘
𝑁

)
[bps/Hz],

(13)

where 𝑟𝑘,𝑘 are the elements in the diagonal of R and where
the maximization is over all row permutations of H and
power allocations {𝑝𝑘} that satisfy the PAPC (9) for each
permutation. Notice that in this case the scalars 𝑤𝑚,𝑘 in (9)
are the elements of preprocessing matrix W defined in (11)
for the row-permuted matrix H.

It is easy to show that the optimization problem defined
by (13) and (9) is also convex for each permutation. To see
this, it suffices to notice that the change of variables 𝑝𝑘 ≜
𝑝𝑘/∣𝑟𝑘,𝑘∣2 and �̄�𝑚,𝑘 ≜ 𝑤𝑚,𝑘∣𝑟𝑘,𝑘∣2 yields the optimization
problem defined by (13), (9) equivalent to (8), (9).

The performance of ZF-DPC has been evaluated using
simulated channel data in [10], under a sum power constraint,
and in [49], under a PAPC. In both cases, ZF-DPC was shown
to be superior to ZF and various non-cooperative MIMO
strategies.

F. Dirty Paper Coding (DPC)

Although the practical implementation of DPC still awaits
specific code designs, we use this technique as an ultimate
upper bound for the achievable data rates in each scenario.

In DPC, no a-priori restriction is imposed on the prepro-
cessing matrix W. Here, the signal intended for user 1, 𝑢1,
is transmitted by (possibly) all APs as if there were no other
signals being transmitted, i.e., 𝑣1 = 𝑢1. In contrast, the data
aimed at user 2 is encoded using DPC into 𝑣2, exploiting the
fact that all APs have full CSI, which together with having
knowledge of 𝑢1, allows avoiding its interfering effect. The
resulting signal is then sent using (possibly) all APs as well.
Notice that, by doing this, 𝑣2 is added to the signal received
by user 1 as interference. A similar process is employed to
successively encode the data for the remaining users, utilizing
previously encoded signals as known interference. In this
setting, the signal 𝑣𝑘 with power 𝑝𝑘 reaches all APs through
the 𝑘-th column of W, thus arriving at the corresponding user

with power 𝑝𝑘
∣∣∣∑𝐾

ℓ=1 ℎ𝑘,ℓ𝑤ℓ,𝑘

∣∣∣2 (as before, 𝑤ℓ,𝑘 denotes the
entry on the ℓ-th row, 𝑘-th column of W). Therefore, the
maximum rate achievable with this technique is [51]

𝑅DPC(𝑃 ) = max
𝐾∑

𝑘=1

log2

(
1+

𝑝𝑘

∣∣∣∑𝐾
ℓ=1 ℎ𝑘,ℓ𝑤ℓ,𝑘

∣∣∣2
𝑁 +

∑𝐾
𝑗=𝑘+1 𝑝𝑗

∣∣∣∑𝐾
ℓ=1 ℎ𝑘,ℓ𝑤ℓ,𝑗

∣∣∣2
)

[bps/Hz],

(14)
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Fig. 2. CDF plots of rate per user, obtained when NC, FD, ZF, ZF-DPC
and DPC achieve their maximum sum-rates, under the power constraint 𝑃 =
20 dBm, from empirical channel measurements taken in scenario aisle-to-
office 1.

where the maximum is taken over all permutations of the
rows of H and over all matrices W ∈ ℂ𝐾×𝐾 and powers
𝑝𝑘 satisfying (9) for each permutation. An efficient method to
numerically solve the optimization problem posed by (14) has
been proposed in [52]. This is the method we used to evaluate
𝑅DPC(𝑃 ) for the measured and simulated channel data.

In the next section we use the above expressions to compare
the performance of the various schemes in realistic indoor
environments. We use both actual measured channel matrices
as well as channel matrices generated by the model obtained
from our measurements.

V. RATE EVALUATION AND COMPARISONS

In this section we evaluate the maximum sum rates of
NC, FD, ZF, ZF-DPC and DPC as described respectively
by (6), (7), (8), (13) and (14), subject to the PAPC (9), for
the measured channel matrices obtained in all scenarios. We
then repeat the sum-rate evaluation using channel matrices
generated by the model (1), using the appropriate parameters
as derived from our measurements. For the aforementioned
transmission schemes, we calculate the per-user rates at spe-
cific availabilities, i.e., the maximum per-user rate that is
guaranteed to be met or exceeded with some given probability.

We further assume that the scheduler in this system is
perfectly unbiased in that, on average, all users are served
an equal amount of time. At the same time, our procedure
of AP-to-user associations is designed to avoid combinations
that will yield high interference when better choices exist. To
achieve both goals we proceed, on each time slot, as follows:

1) Assign each user the access point providing the strongest
signal (strongest AP) and group the terminals with the
same strongest AP.

2) For each AP group, draw randomly one user.
It is assumed that the number of users in each list is compa-
rable. Over a long period of time this assures fairness as all
users have an equal chance of being served, while precluding
the possibility of choosing in the same time slot more than
one user having the same “preferred” AP. More precisely, the
channel matrix H = [ℎ𝑖,𝑗 ] obtained in every time slot is such
that

argmax
𝑗

∣ℎ𝑖,𝑗 ∣2 ∕= argmax
𝑗

∣ℎ𝑘,𝑗 ∣2, ∀𝑖 ∕= 𝑘. (15)

This assures that interference-prone schemes such as NC are
not unfairly penalized in our comparison by particularly poor
associations. In addition, users and APs are ordered so that
the 𝑘-th AP is the smallest path-loss AP for the 𝑘-th user.
This yields a channel matrix in which the largest magnitude
element in each row lies on the main diagonal of the matrix.

The fact that the above described procedure resulted in
equal likelihood of service for all users was confirmed in our
simulations by verifying that when the scheduling algorithm
was repeated many times, any specific choice of position
received service the same number of times. While it may be
possible to find scheduling algorithms that further benefit the
performance of the NC scheme, it should first be verified that
these gains are not achieved at the expense of fairness.

As is to be expected, unobstructed hall scenarios provide
less natural isolation between AP-user pairs than aisle-to-office
scenarios. This results in the fact that the hall scenarios were
characterized by a significantly smaller path-loss exponent,
see Table I. As a consequence, for any given distribution
of distances between APs and users, the channel matrices
associated with hall scenarios will tend to be less diagonally
dominant, i.e., the off-diagonal terms of H will be larger on
average. The effect of this on the rate achievable by each
transmission technique will be discussed later in this section.

In all the evaluations, the noise variance in the receiver, for
all full-band schemes (i.e., excluding FD), was chosen to be
−90 dBm, which roughly corresponds to the thermal noise
in a receiver with a noise figure of 10 dB, operating at room
temperature, over a bandwidth of 20 MHz.

A. Aisle-to-office Scenarios

For each aisle-to-office scenario, 500 4-by-4 channel matri-
ces satisfying (15) were selected by randomly choosing from
the set of measured channel data for the corresponding site.

The CDF of the per-user rates, attained when W and {𝑝𝑘}
are chosen so as to maximize the sum rate in each scheme,
is shown in Fig. 2 for scenario aisle-to-office 1, under the
PAPC (9b) with 𝑃 = 20 dBm. The results obtained in the
other aisle-to-office scenarios were quite similar. It can be seen
directly from the graph that at this transmit power limit, the
three network-MIMO techniques outperform NC and FD for
all availabilities. We also observe that the performance of DPC
and ZF-DPC are very close, which is consistent with results
obtained before for Rayleigh i.i.d. channels [10]. It should
also be noted that the optimization methods used only assure
that the sum capacity of DPC is the best of all coordinated
systems. While this was observed in all our calculations, it
does not necessarily imply that at all availability levels, the
per-user rate of DPC will exceed that of the other options. In
fact we found that for some users, the ZF-DPC rates would
exceed those of DPC, as can be observed from the CDFs at low
availabilities. At high availabilities however, DPC invariably
proved to be best. As the transmit power limit is reduced, e.g.
to values below -20 dBm, we found that an increasing number
of users have a non-zero probability of being assigned zero
rate when using DPC, ZF-DPC or ZF. This is a consequence of
the fact that we are considering the per-user rates when each
of the network-MIMO systems is configured for maximum
sum rate, not fairness. As a consequence, the best strategy
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Fig. 3. User rates at different availabilities for scenarios aisle-to-office 1 (first column) and hall 2 (second column).

may include not serving some users at all in some channel
realizations. This behavior will be discussed in more detail
below.

The corresponding per-user rates of each scheme in aisle-
to-office scenario 1, as a function of 𝑃 , are shown in the
first column of Fig. 3, for availabilities 50% and 90%. On
the upper edge of each of these graphs we have included
an additional horizontal axis, labeled SNR, to provide an
algorithm-independent measure of the received signal-to-noise
ratio for each site. This SNR corresponds to the average
received SNR in the NC setting excluding interference (i.e.,
supposing interfering APs are turned off), that is

SNR =
𝑃

𝑁

(
1

4× 500

500∑
𝑛=1

∑4

𝑖=1

∣∣∣ℎ(𝑛)
𝑖,𝑖

∣∣∣2
)
, (16)

where ℎ
(𝑛)
𝑖,𝑖 is the 𝑖-th diagonal entry of the 𝑛-th channel-

matrix instantiation. This would also be the true SNR for all
the full-band schemes considered here if the off-diagonal terms
of the channel matrix were zero. Since the latter condition
never holds, this notion of SNR is not the actual per-user
signal-to-noise ratio, which is algorithm dependent. Instead,
it is the average ratio of the power received by a user from
its “strongest AP,” to the receiver noise. This ratio depends
only on the environment, specifically on the average path loss
between AP-user pairs, as can be seen from (16).

Figure 3 reveals that, in scenario aisle-to-office 1 and for
a power limit 𝑃 = 5 dBm (SNR= 31 dB), DPC and ZF-

DPC attain a data-rate gain in excess of three times, for
both 50% and 90% availabilities, when compared with NC
or FD. Similar gains are observed at higher power limits.
In relation to this, we note that, loosely speaking, for large
values of 𝑃 , a gain over FD of at most four times would be
expected, since for large values of SNR and assuming perfect
interference cancellation, the improvement in capacity will be
dominated by the ratio of transmission bandwidths used, which
is 4 in our case.

For small values of 𝑃 , the interference terms
𝑃
∑

𝑚 ∕=𝑘 ∣ℎ𝑘,𝑚∣2 in (6) are small compared to the noise
variance, which implies that the performance of NC is
noise-limited. In the specific case of ZF, the power of some
APs will be reduced below 𝑃 to meet the PAPC (9) while
inverting the channel by choosing W = H−1. The cost of
such interference avoidance effort is larger than the benefit
stemming from having zero interference, yielding a sum-rate
smaller than that obtained with APs at full power without
coordination. The poor performance in low SNR regimes is a
well-known shortcoming of pure ZF, which can be improved
upon by using regularized zero-forcing (RZF), as discussed
in [48]. We illustrate this in Fig. 4 which describes in greater
detail the behavior of all techniques at low power for the case
of 90% availability. Under such conditions the performance
improvement of RZF over ZF becomes evident. As previously
discussed, it can also be seen in this figure that at low power,
the objective of maximizing sum rate may be achieved by
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and DPC achieve their maximum sum-rates, under the power constraint 𝑃 =
20 dBm, from empirical channel measurements taken in scenario hall 2.

not serving some users at all, and as a consequence the rate
that can be guaranteed to 90% of users may drop to zero.

B. Hall Scenarios

A procedure similar to the one described before was fol-
lowed to generate 4-by-4 channel matrices in the two hall sce-
narios where measurements were taken. The CDF of the per-
user rates obtained with each network-MIMO technique when
optimizing for sum rate under power constraint 𝑃 = 20 dBm
are shown in Fig. 5, for scenario hall 2. In this figure we
see again that the three network-MIMO techniques considered
here provide higher per-user data rates than NC and FD.

The corresponding per-user rates for several availabilities as
a function of 𝑃 for this scenario type are shown in the right
column plots of Fig. 3, where scenario hall 2 has been chosen.
The results for the other hall scenario are very similar and are
omitted for the sake of brevity.

In this scenario, in the high SNR range, DPC and ZF-DPC
attain roughly the same gain, in per-user rates over FD, as
that observed in the aisle-to-office scenarios. On the other
hand, in this more interference-prone environment, the NC
maximum rates are significantly reduced when compared to
those of the aisle-to-office scenarios, characterized by higher
natural isolation between AP/user pairs.

The gain of the DPC schemes over ZF is also larger when
compared to the aisle-to-office scenarios. Loosely speaking,
this can be attributed to the fact that the aisle-to-office channel
matrices are more diagonally dominant than the hall channel
matrices. As a consequence, and in view of the Geršgorin-
disc theorem [50], the determinant of H will, at times, be
smaller in hall scenarios. Since for ZF the preprocessing
matrix equals the inverse of H, it will be possible for W
to have larger elements in the hall scenarios. In view of the
power constraint (9), this means smaller signal variances 𝑝𝑘
and thus smaller sum-rates for ZF (see (8)). In contrast, ZF-
DPC is less sensitive to the smaller-determinant matrices that
arise in the hall scenarios. The reason for this behaviour can
be found in the fact that the determinant of H is equal to
the product of all the diagonal elements of R. Thus, a given
decrease in the determinant of H will, in general, entail a
smaller reduction of rate for ZF-DPC (see (13)).

As can be observed from Fig. 3, high-interference scenarios
do not always result in decreased per-user rates. While this
certainly occurs for a non-coordinated system as clearly seen
from the graphs, DPC, ZF-DPC and to a lesser degree ZF
may yield an improved performance in the hall scenarios in
comparison to that obtained in the better isolated aisle-to-office
environments. The improvement is particularly significant (a
factor of around 2) at low power, as seen at the left extreme
of the graphs. We note that the performance improvement
is still evident when the comparison is carried out at equal
SNR, i.e., when the differences in average path losses between
AP/user pairs for the scenarios has been compensated. This
behaviour can be explained by recalling that, at low power,
noise rather than interference is the relevant factor in limiting
transmission rates. Since the channel matrices of the aisle-
to-office scenarios are more strongly diagonal-dominant, less
power reaches a user from access points other than the one that
is dominant. In contrast, in an environment with less isolation
(such as the unobstructed halls), the DPC schemes can take
advantage of the fact that significant power from all bases
will reach each user, while managing to turn most of this
power into signal, not interference. (Indeed, it can be seen
from (14) that for sufficiently large noise power, increasing
the magnitude of the off-diagonal elements of H may produce
a relatively larger increase in the numerator of the fraction
within the log(⋅) than on its denominator.) Thus the signal-to-
noise-plus-interference ratio is improved. As transmit power
increases however, interference becomes dominant, and the
hall scenarios suffer from the increased need to compensate
for this impairment.

C. Accuracy of the channel model at predicting achievable
network-MIMO rates

In order to assess the accuracy of the log-normal plus
Rayleigh/Rice model at predicting the maximum rates achiev-
able by the techniques described in Section IV, we obtained
those rates from channel matrices generated by the general
model for each scenario type (aisle-to-office or hall), that is,
using the parameters in the boldface rows of Table I. The
data rates predicted by the model were, in general, in good
agreement with those obtained from empirical data, for each
scenario. Figure 6 shows plots of per-user rate with respect
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Fig. 6. 90% availability empirical and simulated per-user rates for scenario
aisle-to-office 3. Simulated rates were obtained from the model using the
scenario-type parameters in row “All aisle-to-office scenarios” of Table I.

to maximum transmit power constraint 𝑃 for 90% availability
for the scenario aisle-to-office 3. It can be seen that, for this
scenario, the rates from simulated channels are smaller than
those obtained from empirical data. This may be attributed to
the fact that the scenario-specific parameter 𝐿𝑟𝑒𝑓 for aisle-to-
office 3 (in the third row of Table I) is smaller than that of
the corresponding general model used for the scenario type
(contained in the fourth row of Table I). Thus, in this case the
actual received powers will be larger (on average) than those
predicted by the model.

VI. CONCLUSIONS

In this paper we have evaluated the data rates achievable in
an indoor wireless 4-by-4 system by network-MIMO tech-
niques such as zero-forcing (ZF), zero-forcing dirty paper
coding (ZF-DPC) and dirty paper coding (DPC). We compared
these rates with those achievable with frequency diversity
(FD) and no coordination (NC), using measured and simulated
indoor channel matrices at 3.5 GHz. Our results show that
a single-slope log-normal plus Rayleigh fading model with
properly chosen parameters is good at predicting the sum-
rate performance statistics of these techniques. By numerical
evaluation based on empirical data we have shown that in the
scenarios tested, at high SNR, the network-MIMO techniques
are able to achieve about a three-fold increase in per-user
data rates over NC or FD, when considering 50% and 90%
availabilities. It was also found that schemes employing dirty
paper coding can attain higher per-user rates in hall scenarios,
where interference is greater than in aisle-to-office scenarios.
This difference was greater for high availability data rates and
at small SNRs. Our evaluations also revealed that while ZF
in general provides higher data rates than NC and FD, this
advantage is lost at low SNR, particularly when high avail-
ability is considered. In contrast, DPC based schemes provide
significant benefits under virtually all practical conditions.
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