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ABSTRACT
Multiple antenna techniques are widely being recognized as
front-runners in improving the performance of a wireless net-
work. Sharing a slot between two Mobile Stations (MSs) is
defined in a Point-to-Multipoint (PMP) network, indepen-
dent of the number of antennas at each MS. However, shar-
ing a slot among more than two MSs in a PMP network
is not studied in the literature. In this paper, we study if
more than two MSs can share a slot for transmission. We
find that there exists few realistic scenarios where more than
two MSs can share a slot, thus improving the throughput of
the network. We observe that the number of MSs sharing
a slot is dependent not only on the number of antennas at
each MS but also the multiple antenna technique utilized for
transmission. When each MS has a constant rate require-
ment of 2 bps/Hz, we found that 3 MSs can share a slot
when each MS uses Spatial Multiplexing techniques, while
4 MSs can share a slot when each MS uses Spatial Diversity
techniques for transmission.

Categories and Subject Descriptors
C.2.1 [Network Architecture and Design]: Wireless com-
munication

General Terms
Performance

Keywords
WiMAX, MIMO, Signal to Interference Ratio

1. INTRODUCTION
We consider a Point-to-Multipoint (PMP) network, in

which several Mobile Stations (MSs) are directly connected
to a Base Station (BS). Orthogonal Frequency Division Mul-
tiple Access (OFDMA) technology is considered at the phys-
ical layer, so that the multi-path interference can be mini-
mized. In each frame, an MS requests the BS, the number of
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slots required in the next frame. BS, in response, allocates
the available OFDM slots to each of the MSs depending on
their individual requirements. An OFDM slot may be al-
located to different MSs based on several parameters such
as geographical location, channel quality and quality of ser-
vice requirements of each MS. The problem of choosing MSs
that share an OFDM slot is studied by the research commu-
nity under the name ‘pairing’ and the technique is termed
as Collaborative Spatial Multiplexing (C-SM).

In IEEE 802.16 Networks [1], two MSs with 1 or 2 an-
tennas, can share an OFDM slot for transmission. How-
ever, sharing a slot with more than two MSs is not studied
for a PMP network by considering the interference limita-
tions. Most of the studies [12, 8, 10] are based on a decen-
tralized network, wherein several user (transmitter-receiver)
pairs share the same slot for transmission.

This setup can be mimicked in a PMP network by placing
all the receivers of a decentralized network at a centralized
location. However, the centralized entity needs sufficient
number of antennas to support transmission for all MSs
sharing a slot in the network. In such scenario, the signals of
different MSs sharing same slot interfere with each other at
the receiving antennas. Furthermore, as the number of MSs
that share a slot increases, the complexity to decode signals
increases at the BS (receiver). Using Interference Alignment
(IA), signals are aligned along different vectors at antennas
of each MS (thus minimizing the interference).

Interference in a PMP network is caused due to two rea-
sons: a) Inter Carrier Interference (ICI) and b) Multiple
Input Multiple Output (MIMO) Interference. Interference
contributing factors such as Carrier and Doppler Frequency
Offsets, and Synchronization caused due to the relative mo-
bility between transmitter and receiver is accounted as part
of ICI. This is highly dependent on the PHY layer technol-
ogy used, and has a wide range of solutions [14, 9] particu-
larly when OFDM technique is used. However, most of the
solutions use the concept of redundancy to eliminate ICI.
They transmit same data symbol along a group of adjacent
subcarriers [14]. The size of this group containing redundant
data is analytically derived to be two [9], when linear com-
bining techniques are utilized at the receiver. In [9], ICI is
shown to be a non-Gaussian random process that has higher
impact on the network performance.

When several MSs with several antennas share a slot for
transmission, interference occurring in the network is ac-
counted as part of MIMO interference. It is the responsi-
bility of the BS to determine which MSs share a slot and
which MSs utilize multiple antennas for transmission, such



that the interference can be mitigated. The BS provides
the beam vectors along which data is transmitted at each
antenna of the MS.

While it has been a working assumption that two MSs can
share a slot for transmission in a WiMAX network [1], there
has been no theoretical or analytical study to find the max-
imum number of MSs that can share a slot. We take initial
step towards the solution by finding out the maximum MSs
that can share a slot, by considering Signal to Interference
Ratio (SIR) as a parameter to verify if the data is success-
fully received. The problem that we consider in this paper
can be formally stated as ‘What is the maximum number of
MSs that can share an OFDM slot in a PMP network given
that each MS is equipped with same number of antennas and
each MS has equal rate requirements in a realistic scenario? ’
This study also points us to probe into several questions
such as: Does this number depend on the PHY layer pa-
rameters of each MS participating in the share? Does this
number vary with the rate requirements of each MS? Does
this number vary as the number of antennas at each MS
varies? Can we determine the lower bound on number of
antennas required at the BS?

We organize the remainder of the paper as follows: In
Section 2, keeping the problem statement in view, we review
relevant work in the literature that closely addresses the
problem. We provide the parameters required for studying
the problem and the system model considered for evaluation
in Section 3. We analyze the numerical results obtained
in Section 4. Finally, we conclude the paper in Section 5
providing pointers towards work for the future.

2. RELATED WORK
IA is a technique in which several user pairs with single

antenna transmit and receive data successfully by aligning
their data along pre-determined beam vectors [3]. Though
IA is proposed for a decentralized network wherein K user-
pairs with single antenna share a slot, the technique can
be applied in a PMP network where the BS has antennas
equal to the number of MSs sharing a slot (wherein each
MS is equipped with one antenna). The number of times
throughput of the network is improved was shown to be
K/2 using IA technique. Beam vectors are assumed to be
computable and communicated to each MS as and when they
are determinable, using the algorithms proposed in [11].

The IA technique is effectively used [6] and experimen-
tally shown to be efficient in designing a protocol for uti-
lizing same slots in an 802.11 network (this work considers
the MSs endowed with multiple antennas up to ‘K’). The
important result being, ‘In a distributed network where a
transmit-receive pair has equal number of antennas, a pair
having more number of antennas than the spatial streams
that are being transmitted currently, can utilize the same
slot for transmission’. The implications of this result in a
PMP network are studied in this paper.

Peters and Heath-Jr. [10] study multiple antenna interfer-
ence channels and propose a greedy algorithm to partition
available users into several groups such that users in a group
use IA to transmit data in a single slot, while users across
groups use TDMA mechanism to transmit data across dif-
ferent slots. They model users (transmit-receiver pairs) in
the network as a connected graph, and partition the graph
such that users across groups transmit mutually orthogo-
nally, while users inside a group use IA for transmission.
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Figure 1: System Model.

The users are partitioned based on the position information
of each transmitter and receiver in the network. However,
their solution assumes that the user pairs are decentralized
in the network, which is not the case in a PMP network
under consideration.

When each MS is equipped with only one antenna, re-
ceiver filters that mitigate the ICI are designed in [4]. The
receiver complexity was proven to be reduced from O(N3)
to O(Nlog2N) using these receiver filters. The complexity
of these filters is dependent on the Fast Fourier Transform
(FFT) size (N) used in the OFDMA technique. In a typ-
ical WiMAX network, the FFT size is constant depending
on the bandwidth allocated at the BS [1]. A set of linear
filters (MMSE/ML/ZF receivers) that minimize the inter-
ference are assumed to be available at the BS so that all the
streams are received without errors.

3. SYSTEM MODEL
For a signal to be interference free, the value of SIR should

be above a threshold β, where β is dependent on the bit
transmission rate. The SIR for a signal can be defined as

SIR =
P (R)

P (I)
(1)

where P (R) is the power of the required signal at the receiver
and P (I) is the power of interfered signal at the receiver. β
can be derived from popular Shannon’s theorem as follows:
C = B log2(1 + SIR) ⇒ SIR = 2(C/B) − 1, where C is
achieved capacity of the channel given B bandwidth. Similar
expression is also used in [12] as 2R − 1, where R is the
required rate of transmission in bps/Hz.

We use SIR to measure power of the received signal at the
BS. Also, average SIR of the signal at each antenna of the
BS is measured in one OFDM slot and plotted to determine
effective interference for each signal.

Let ‘K’ MSs share the same OFDM slot for transmitting to
the BS. Each MS is equipped with 2 antennas and the BS is
equipped with M(≥ 2K) antennas. An antenna at each MS
transmits the data that is aligned along a vector, beamed
to a specific antenna at the BS. In other words, alignment
vectors specific to each antenna of the MS are transmitted
by the BS for each frame. The overhead of transmitting
these beam vectors in each frame is presumed to be negligi-
ble when compared to the achievable data rates. The data
received at antenna i of the BS, similar to Equation 6 in [7],



can be written as

yi(s) =
2K∑
j=1

d−ρ
ij WjHijxj(s)W

H
i + nij (2)

where Wj is the beam-formed (weighted) vector along which
data is transmitted,
WH

i is the inverse of the beam-formed matrix used at the
BS,
xj(s) is the data transmitted across antenna j on subcar-
rier s,
Hij is the channel coefficient between the transmitted an-
tenna j and received antenna i,
nij is the Additive White Gaussian Noise associated with
the channel,
dij is the distance between antenna i and antenna j,
and ρ is the path loss exponent of the channel. The ICI in
a channel using OFDM is mainly due to adjacent subcar-
riers [7]. Also, assuming the channel to be frequency flat
fading, Equation 2 can be modified as follows:

yi(s) =
2K∑
j=1

d−ρ
ij WjHijxj(s)W

H
i +

2K∑
j=1

d−ρ
ij WjHijxj(s− 1)WH

i

+

2K∑
j=1

d−ρ
ij WjHijxj(s+ 1)WH

i + nij

(3)

Equation 3 assumes that ICI occurs every time in the net-
work. The probability of occurrence of ICI in a network [13]
is shown to be a random number uniformly generated in the
range of [0, 0.1].

The SIR of ith stream at antenna i on a OFDM slot using
subcarrier s can be determined as

SIR =

∣∣WiW
H
i Hii(s)

∣∣2
∑
l=s

2K∑
j=1
j �=i

∣∣∣WjW
H
i Hij(l)

∣∣∣2 + ∑
l=s−1
l=s+1

2K∑
j=1

∣∣∣WjW
H
i Hij(l)

∣∣∣2

(4)
where Hij(l) is the channel coefficient for the lth subcar-
rier between transmit antenna j and receiving antenna i
(∵ dij , ρ are constant for all MSs in the system).

From the concept of IA, it is obvious that

WjW
H
i =

{
1 if i = j
0 otherwise

}

Hence, WjW
H
i is always binary (i.e., 0 or 1). However, due

to the factors such as imperfections in measured channel
conditions and highly varying nature of the channel the IA
vectors may not remain fixed even for 20 ms (same as time
duration of a typical super-frame in WiMAX Networks [1])
time frame, Wl × WH

m will not be zero all the time and is
considered to have minute errors in evaluations.

Different MIMO techniques can be achieved by varying
the transmitted data xj(l) across different antennas with
alignment vectors Wj . In Spatial Multiplexing technique,
two antennas of an MS transmit different data (X1 and X2)
along IA vectors W1 and W2, as shown in Fig. 2. Antennas
at the BS receive data aligned along vectors WH

1 and WH
2 .

The signals aligned along remaining vectors is considered as
interference. In Spatial Diversity technique, two antennas of
an MS transmit variants of the same data (X1 and X̃1) along

IA vectors W1 and W1, as shown in Fig. 3. Two antennas
at the BS receive data along same IA decoding vector WH

1 .
We consider both multiplexing and diversity techniques for
determining the maximum number of MSs that can share a
slot for transmission. A thorough study on the consequences
of using different MIMO techniques is provided in the next
section.
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Figure 2: Spatial Multiplexing Technique using IA
Vectors for Transmission.
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Figure 3: Spatial Diversity Technique using IA Vec-
tors for Transmission.

For the numerical results, initially we place all MSs adja-
cent to each other as shown in Fig. 1. Since each MS shares
approximately the same channel to the BS, the SIR estimate
remains same for several MSs (Note: Distance remains the
same for all MSs). Later SIR value of each MS is made to
be independent of other MSs, representing a more realistic
scenario.

4. EXPERIMENTAL DETAILS
We consider only one slot is being used for transmission

by all MSs in the network and increase the number of MSs
in the network from 1 to 20. The authors in [5] propose a
transmitter centric algorithm after realizing that the uplink
interference in a multi-user system is highly fluctuant. Since
each MS receives different SIR values for each transmission,
we calculate SIR of required signal at each antenna of the
BS, and plot the average SIR across all antennas observed at
the BS. This average SIR is used to determine the achievable
transmission rate (in bps/Hz) for each MS in the network.



Table 1: Average SIR determined at different antennas of the receiver when each MS exhibits different
channel quality.

Number of No ICI Full ICI Two antennas Two antennas Two antennas Two antennas
MSs Sharing One Antenna One Antenna No ICI Full ICI No ICI Full ICI

a Slot Diversity Diversity Multiplexing Multiplexing
1 Infinity +/- NaN 4.21 +/- 0.01 Infinity +/- NaN Infinity +/- NaN 65.64 +/- 0.54 53.88 +/- 0.1
2 59.71 +/- 0.51 3.29 +/- 0.01 19.54 +/- 0.04 10.68 +/- 0.02 5.31 +/- 0.00 8.57 +/- 0.0
3 12.58 +/- 0.40 3.22 +/- 0.03 7.20 +/- 0.00 4.77 +/- 0.03 3.17 +/- 0.01 3.10 +/- 0.0
4 7.06 +/- 0.03 2.67 +/- 0.01 4.32 +/- 0.02 3.02 +/- 0.00 2.30 +/- 0.00 1.63 +/- 0.0
5 5.06 +/- 0.01 2.32 +/- 0.03 2.75 +/- 0.01 2.20 +/- 0.01 1.82 +/- 0.01 1.32 +/- 0.0
6 3.75 +/- 0.01 1.95 +/- 0.00 2.58 +/- 0.00 1.69 +/- 0.01 1.58 +/- 0.00 1.47 +/- 0.0
7 3.07 +/- 0.02 1.74 +/- 0.01 1.81 +/- 0.00 1.55 +/- 0.00 1.46 +/- 0.00 1.13 +/- 0.0
8 2.59 +/- 0.02 1.50 +/- 0.00 1.57 +/- 0.01 1.44 +/- 0.00 1.35 +/- 0.01 0.98 +/- 0.0
9 2.26 +/- 0.01 1.39 +/- 0.00 1.39 +/- 0.00 1.34 +/- 0.00 1.09 +/- 0.00 0.79 +/- 0.00
10 1.99 +/- 0.00 1.24 +/- 0.01 1.31 +/- 0.00 1.11 +/- 0.00 0.97 +/- 0.00 0.80 +/- 0.0
11 1.75 +/- 0.00 1.14 +/- 0.00 1.22 +/- 0.00 1.10 +/- 0.00 0.84 +/- 0.00 0.66 +/- 0.0
12 1.61 +/- 0.00 1.05 +/- 0.00 1.20 +/- 0.00 1.00 +/- 0.00 0.72 +/- 0.00 0.59 +/- 0.00
13 1.47 +/- 0.00 0.99 +/- 0.00 1.11 +/- 0.00 0.89 +/- 0.00 0.66 +/- 0.00 0.57 +/- 0.00
14 1.36 +/- 0.00 0.93 +/- 0.00 0.99 +/- 0.00 0.79 +/- 0.00 0.64 +/- 0.00 0.56 +/- 0.0
15 1.26 +/- 0.00 0.86 +/- 0.00 0.89 +/- 0.00 0.77 +/- 0.00 0.62 +/- 0.00 0.51 +/- 0.0
16 1.17 +/- 0.00 0.82 +/- 0.00 0.89 +/- 0.00 0.76 +/- 0.00 0.54 +/- 0.00 0.45 +/- 0.00
17 1.09 +/- 0.00 0.77 +/- 0.00 0.85 +/- 0.00 0.69 +/- 0.00 0.52 +/- 0.00 0.43 +/- 0.0
18 1.02 +/- 0.00 0.73 +/- 0.00 0.80 +/- 0.00 0.65 +/- 0.00 0.49 +/- 0.00 0.42 +/- 0.0
19 0.97 +/- 0.00 0.70 +/- 0.00 0.74 +/- 0.00 0.63 +/- 0.00 0.47 +/- 0.00 0.39 +/- 0.0

For the sake of numerical calculations, we assume the chan-
nel coefficients to be uniformly distributed Gaussian random
variables with zero mean and unit variance while noise is cir-
cularly symmetric and uniformly distributed with zero mean
and 0.1 variance.

Initially, we compute the maximum number of MSs that
can share a slot when channel conditions are identical for
each MS. Later, we compute the same with channel con-
ditions being completely independent for each MS. Also, a
Selection Combining receiver is used at the BS when Diver-
sity techniques are employed.

Considering the total capacity of the network to be con-
stant, the number of MSs sharing a slot is maximized when
the requirement of each MS is minimized. We consider
2 bps/Hz as a norm in the analysis for the following reason:
It is highly visible in WiMAX networks, even when chan-
nel quality is as low as 0 − 5 dB for an MS. In a WiMAX
network, the rate can scale to higher values as the channel
quality increases for each MS (Details in Appendix).

4.1 Numerical Results
When the number of MSs that share a slot is 1, the SIR

value is maximum for all the four studied scenarios: Each
MS with 1 (2) antennas and ICI can (not) be mitigated
completely. As the number of MSs sharing a slot increases,
the interference in the network also will increase, and a re-
duction in SIR value can be observed. The maximum MSs
that can share a slot is limited to that number, where the
average SIR falls below the threshold β = 3 (pertaining to
R=2 bps/Hz). Also, note that β is calculated from Sec-
tion 3. The values shown in Table 1 are generated after
performing 10, 000 iterations. Since β is dependent on rate
requirement of each MS, number of MSs that share a slot
depends on rate requirement of each participating MS.

When an MS with one antenna transmits only one stream
of data, SIR value would be maximum as there is no inter-

ference in the network. Table 1 provides the results for the
scenario where the channel quality of each MS is indepen-
dent of other MSs. Also, unless mentioned, the results are
analyzed for a constant rate requirement of 2 bps/Hz and
β = 3. We also observed that with different rate require-
ments, the number of MSs that can share a slot varies. This
is represented for different rate requirements (1, 2, 3 bps/Hz)
in Table 1 using Plum, blue, and ForestGreen colors to de-
note the maximum number of MSs sharing each slot.

Though multiplexing techniques multi-fold the achievable
transmit rates depending on number of antennas used for
transmission, prior work showed that using multiplexing tech-
niques improves performance of the network only in high SIR
regions [1]. Thus, it can be misleading to consider that ev-
ery MS uses multiplexing techniques for transmission. We
observed that diversity techniques attain more SIR values
compared to that of multiplexing techniques reiterating this
notion. Hence, it becomes noteworthy that in a real world
scenario, the number of MSs that share a slot also depends
on the MIMO technique employed by each MS sharing the
slot.

We observed that the number of MSs that can share a
slot is 7 when ICI is eliminated and 3 when ICI is not mit-
igated in the network. Hence, the number of MSs sharing
a slot also depends on the mitigating ICI in the network.
Also, it can be observed from Table 1 that the SIR values
remain almost same when the number of MSs sharing a slot
is above 8, irrespective of the number of antennas at each
MS and ICI mitigation in the network. This confirms that
the upper bound for the number of MSs that can share a
slot is bounded to 8 if we plan to exploit MIMO techniques
available at each MS.

We can also observe that when 2 MSs with one antenna
share an OFDM slot for transmission, the SIR value remains
close to the threshold β, conforming to the C-SM specifi-
cations in WiMAX standards [1]. However, we observed



that more MSs can share a slot when each MS is equipped
with multiple antennas. A maximum of 7 MSs can share an
OFDM slot for a constant rate requirement of 2 bps/Hz in
the best possible settings. Consequently, a BS must need
at least 14 antennas to receive data from each MS partic-
ipating in the share. Thus, we provide a lower bound on
the number of antennas required at the BS in a PMP net-
work, such that rate requirements of each MS is satisfied.
However, the number MSs sharing a slot is completely de-
pendent on channel characteristics, rate requirements, and
number of antennas at each MS participating in the share.

4.2 Discussion
The above study determines the maximum number of MSs

that can share a slot. It can be misleading that the through-
put of the network increases as the number of MSs sharing a
slot increases. This is because of the requirement of IA vec-
tors to be available at each MS before transmission. This
calculation of IA vectors is done by the centralized entity
(BS), and the BS transmits the IA vectors to each MS par-
ticipating in the share. Though algorithms to calculate IA
vectors are proposed in the literature for different channels,
the time and space complexities of those algorithms are very
high. Thus, the challenge shifts from being able to share a
slot among many MSs to providing on-line algorithms that
can schedule many MSs in a specific network.

5. CONCLUSION
In this paper, we studied the effect of increasing the num-

ber of MSs that share a slot in a PMP network using sim-
ulations. For a constant rate requirement of 2 bps/Hz, we
observed that more than 2 MSs can share a slot when each
MS is equipped with multiple antennas, which is in stark
contrast to the current wireless network standards [1], that
allows only 2 MSs to share a slot for transmission. The num-
ber of MSs sharing the slot varies for different rate require-
ments at each MS and different MIMO techniques applied
at each participating MS.

A thorough analysis of the presented system to determine
the maximum number of MSs that can share a slot is cur-
rently being investigated. The analysis is expected to be
robust of any receiver combining techniques when diversity
techniques are used for transmission. Studying the perfor-
mance of a network when number of antennas at each MS is
not constant across the network is left for the future work.
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APPENDIX
Here, we provide a reality check on the of assumptions made
in this paper, and argue for their validity in a real world
scenario.

A. RATE REQUIREMENT ASSUMPTION
A bit rate requirement of 2 bps/Hz is considered for the

numerical analysis in this paper due to the following reasons:

• These rates are highly visible in a WiMAX network
even in the SNR range of 0− 5dB [2].



Table 2: Typical CBR requirements for VoIP traffic
Rate (in bps) Bandwidth Rate (in bps/Hz)

CBR 256 Kbps 10 MHz 0.02621
CBR 384 Kbps 10 MHz 0.03932
CBR 512 Kbps 10 MHz 0.05242
CBR 1024 Kbps 10 MHz 0.10485

• The rate requirements of a typical MS in a WiMAX
network (that uses 10 MHz bandwidth) are tabulated
in Table 2. Clearly, 2 bps/Hz rate requirement is sig-
nificantly higher than rate requirements in a typical
network.

B. ICI REDUCTION
The existing ICI elimination/reduction techniques include:

frequency domain equalization, time domain windowing, peak
to average power ratio techniques, and self cancellation tech-
niques. In frequency domain equalization techniques, the
pattern at which ICI occurs for each OFDM symbol is cal-
culated and estimated for the remaining OFDM symbols.
These are used to reduce the fading distortions in the chan-
nel. In time domain windowing technique, linear distortions
are eliminated by using adaptive filters. In peak to average
power ratio reduction technique, the input data block is par-
titioned into disjoint sub-blocks, and several sub-blocks are
combined to minimize peaks. In self cancellation technique,
one data symbol is mapped on a group of subcarriers for
transmission. However, self cancellation techniques reduce
the effective bandwidth of the network by half, thus reduc-
ing the network throughput. Since the filters are heuristic in
nature, they do not completely eliminate ICI in the network.
ICI occurs with probability [0,0.1] in the network [13].


