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Boosting the Uplink Throughput of OFDM Systems by Creating 
Resolvable Interference

Manar Mohaisen․Bing Hui․KyungHi Chang

Abstract 

Multiple-input multiple-output with orthogonal frequency division multiplexing technology (MIMO-OFDM) is 
considered to be the ultimate solution for increasing system throughput and for enhancing communication reliability. 
In this paper, we propose to increase the uplink (UL) throughput by assigning the same UL resources to multiple 
single-antenna mobile stations. This leads to the loss of orthogonality among sub-carriers. Thus, at the base station 
(BS), MIMO-OFDM detection techniques are used to separate the streams of different users assigned the same UL 
resources. To obtain a realistic performance evaluation, different channel scenarios are applied with different corre-
lation values among the antennas of the users. Simulation results show that the proposed MIMO-OFDM system 
linearly increases the uplink capacity of the OFDM system while maintaining a mobile station transmitter as simple 
as that used in a conventional OFDM system. For instance, when 4 users are assigned the same UL resources, the 
throughput of the proposed system is 3.07 times that achieved by a conventional single input single output OFDM 
system.
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Ⅰ. Introduction

Multiple-input multiple-output (MIMO) and orthogo-
nal frequency division multiplexing (OFDM) technolo-
gies are considered to be among the most important 
technical developments in recent years [1], [2]. MIMO 
spatial multiplexing boosts the channel throughput with-
out requiring additional spectral resources, while OFDM 
increases the robustness of the communication system 
against frequency selective channels. Thus, combining 
these two technologies is considered to be fundamental 
for the next generation of communication systems.

Due to space limitations and cost considerations, mul-
tiple antennas are not actively installed at a mobile sta-
tion (MS). Also, it is impractical to implement respec-
tively high complexity signal processing schemes be-
cause of the low computational power of MSs. There-
fore, in an OFDM system, where MS has only one 
transmit antenna, none of the MIMO spatial multi-
plexing techniques can be applied for the uplink (UL) 
transmission. As a consequence, the UL throughput can't 
be significantly increased, though some diversity gain 
can be achieved by the receive antennas of the base sta-
tion (BS) using linear combiners [3]. Another option for 
increasing UL throughput is using spatial division multi-
ple accesses (SDMA), where users are spatially identi-
fied based on their location [4]. In spite of the appreci-

able performance improvement by SDMA, it is always 
very sensitive to the location of the MSs and requires 
a high number of antennas to achieve the required per-
formance. Furthermore, the performance achieved by 
SDMA can be severely degraded when users move rap-
idly, since the beam-steering information is no longer 
accurate.

In this paper, we address the issue of increasing the 
UL throughput of an OFDM system when the MSs use 
single-antenna transmitters. In order to increase the UL 
throughput, users are assigned the same frequency and 
time resources, which leads to a loss in orthogonality 
among sub-carriers, and consequently the performance is 
degraded. Therefore, at the BS side, MIMO detection 
techniques are employed to separate the data streams of 
each user assigned to the same UL time and frequency 
resources. By using efficient detection techniques, the 
effect of the intentionally created interference, i.e., the 
streams of other users can be removed while almost 
achieving the performance of a conventional interference- 
free OFDM system. MIMO detection literature includes 
a variety of schemes that differ in terms of the adopted 
criterion, complexity, and achieved performance. Herein, 
we use three different detection techniques, namely, 
zero-forcing (ZF) [5], QRD (QR Decomposition)-based 
successive interference cancellation (QRD-based SIC) 
[6], and sphere decoding (SD) [7]. ZF is a linear tech-



JOURNAL OF THE KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 11, NO. 2, JUN. 2011

114

nique in which the received vector is treated using a 
filtering matrix based on the ZF criterion. QRD-based 
SIC detects the transmitted streams successively, where 
already-detected interference is subtracted out from the 
received vector and results in a system with less inter-
ference. Finally, SD achieves a near-maximum likelihood 
(ML) performance with a significant reduction in the 
expected computational complexity.

The proposed system does not require any change in 
the transmitter structure of the MS. Thus, only the re-
ceiver of the BS should be equipped with at least as 
many antennas as the number of users assigned the 
same UL resources.

The rest of this paper is organized as follows: Section 
Ⅱ presents a detailed description of the proposed system 
including the transmitter structure of the MS, and the re-
ceiver structure of the BS. Furthermore, the complexities 
of detection techniques are derived. In Section Ⅲ, we 
present simulation results and provide and in-depth dis-
cussion on the performance of the proposed system un-
der different scenarios. In addition, we show the tremen-
dous throughput increase achieved by the proposed 
system. Finally, in Section Ⅳ, we present our conclu-
sions.

Ⅱ. System Overview

2-1 Proposed System Model

Fig. 1 illustrates the proposed system when three users 
are assigned the same UL resources. BS allocates the 
same UL resources to users, with as many uncorrelated 
channels as possible. This allocation process can be 
based on the channel estimate at the UL.

Correlation among the single-antennas of the different 
users has an important effect on the performance of the 
overall system. Thus, when the correlation is low, the 
MIMO channel matrix becomes well-conditioned, and 
the performance of the detection schemes is improved. 
On the other hand, when the correlation is high, the 

Fig. 1. System model for the proposed system. 

channel matrix becomes ill-conditioned. As a conse-
quence, the performance of the detection schemes with 
fixed complexity, e.g., ZF and QRD-based SIC, is de-
graded and the complexity of the probabilistic schemes, 
e.g., SD, is increased. Therefore, we examine the per-
formance of the proposed system under different corre-
lation values.

An MS transmitter structure is depicted in Fig. 2. At 
first, the data stream is encoded using a turbo encoder 
with a code rate=1/2. The encoded bits are interleaved 
using a random interleaver to obtain frequency diversity 
and are then modulated. The virtual carriers (VC) are 
inserted, followed by the inverse Fourier transform 
(IFFT) to obtain the time-domain signal. The guard in-
terval (GI) is then inserted to avoid inter-symbol inter-
ference (ISI). Finally, the signal is parallel to the serial 
converted and transmitted via a single-antenna trans-
mitter.

Fig. 3 depicts the receiver structure of the BS, where 
multiple antennas are employed. At first, the received 
signals are demodulated using an OFDM demodulator. 
A ZF pilot-assisted channel estimate is obtained and is 
fed to the MIMO detection block. The data streams of 
the different users are detected and soft LLR values are 
generated, de-interleaved, and provided to the turbo 
channel decoder. Finally, a hard decision is applied to 
recover the data bits at the output of the channel de-
coder.

Fig. 2. Transmitter structure of a single-antenna mobile sta-
tion.  

Fig. 3. Receiver structure for a multi-antenna base station.
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2-2 Detection Schemes for a MIMO-OFDM System

Consider that N MSs are assigned the same resources 
for their UL transmissions. Therefore, we arrange the 
transmitted signals in the vector x∈CN in such a way 
that xj belongs to the j-th user. Furthermore, consider 
that the number of receive antenna at the BS is equal 
to N. Then at any subcarrier, the baseband received vec-
tor x∈CN is given by:

,  
r Hx v

z v
= +
= +        (1)

where H∈CN×N is the MIMO channel matrix whose ele-
ment hi-j is the complex transfer function between the 
j-th user and the i-th receive antenna of the BS. 
Furthermore, v∈CN is the Gaussian noise drawn from an 
i.i.d. wide sense stationary process with E[vvH]=δ2IN. 
Then, (1) can be considered as the result of perturbing 
the lattice point z by the noise vector v.

Let S=2N denote the dimension of the real Euclidean 
space RS. Then, (1) can be mapped to the real domain 
by the following equation [8]:

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

R r R H I H R x R v
I r I H R H I x I v

-é ù é ù é ù é ù
= +ê ú ê ú ê ú ê ú

ë û ë û ë û ë û , (2)

where R and I denote the real and imaginary parts, 
respectively. Based on (2), we implement the MIMO de-
tection schemes at the receiver side in the real-domain. 
Equation (2) can be re-written in the real Euclidean 
space RS as follows:

r r r rr H x v= + , (3)
               

where the subscript r indicates the real-domain.
In the following, we introduce three MIMO detection 

schemes which representing the main detection categories. 
In addition, we derive the complexity of these schemes, 
which is defined as the number of flops required to fin-
ish the detection process. Therefore, multiplication, division, 
and square, and square root operations are counted as one 
flop for each. On the other hand, we neglect the addition 
operation because of its respectively low complexity.

2-2-1 Linear Zero Forcing

ZF is one of the simplest detection techniques, where 
received signals are treated using a filtering matrix cre-
ated based on the ZF criterion. The filtering matrix is 
the pseudo-inverse of the channel matrix and is given by 

 

 


, where  is the transpose of matrix 
 . Linear ZF does not deploy any sort of ordering; 
hence, weak received streams are dominated by strong 
received streams. As a consequence, the performance is 

degraded.
Based on the assumptions stated earlier, the complex-

ity of ZF detection is given by:

3 2

3
( )7
3ZFf SS S+ -= , (4)

                      
where the matrix inversion is obtained using the Gau-
ssian elimination method. Furthermore, we considered that 
the matrix-by-matrix multiplication requires S3 flops.

2-2-2 QRD-based Successive Interference Cancellation 
(QRD-based SIC)

To reduce the number of interferers in the detection 
process, Shiu and Kahn [9] proposed decomposing the 
channel matrix using the QR decomposition (QRD) into 
the multiplication of a unitary matrix Q, and an upper- 
triangular matrix R [10]. In light of the QRD, (1) can 
be re-written as

ry Rx n= + , (5)
               

where y=QTrr and n=QTvr. Q has unit-power columns, 
so, multiplying it to both sides of (1) does not change 
the noise variance. Furthermore, because of the structure 
of the matrix R, the last component at the bottom of 
vector xr is interference-free, thus it is the first to be de-
tected. The already-detected component is subtracted out 
from the received vector and results in a system with 
fewer interferers. The (S—1)th component is then de-
tected and cancelled out from the received vector. The 
process is repeated in a successive way until the first 
component of the vector xr is detected.

Table 1 illustrates the steps in the QRD-based SIC 
scheme. Lines (3-7) represent the successive interference 
cancellation process, where Q[․] is the demodulation of 
the zero-forcing solution obtained in line (4).

The QRD-based SIC scheme depicted in Table 1 con-
sists of the QR decomposition of the channel matrix, mul-
tiplying the vector rr by the matrix QT, and the succes-
sive cancellation stage. The QR decomposition is com-
puted by means of householder reflection [11]. Then, the 
complexity of the QRD-based SIC scheme is given by

3

1
2

1 1

2

22( 1) 2( 1) ,

            2 = 5 2 4,
3 2 3

S S

QRD SIC
k j
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-

-
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-
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(6)

where the term in the first line of (5) is the cost of mul-
tiplying rr by QT.

2-2-3 Sphere Decoding (SD)

SD was proposed to reduce the complexity of ML de-
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Table 1. QRD-based successive interference 
cancellation scheme.

tection while achieving close to the same performance. 
The SD based on the Schnorr- Euchner strategy was 
first applied to digital communications by Agrell et al. 
in [12].

The main idea behind SD is to transform the complex 
S-dimensional search problem into S parallel 1-dimen-
sional search problems, i.e., search over lines. Further-
more, the search radius can be predefined to reduce the 
size of the search tree. In other words, instead of trying 
all the points of the lattice z, i.e., ML detection, only 
those points residing within a sphere of a predefined ra-
dius are considered. Thus, SD tests all hypotheses satis-
fying

 

2

2
, ,

1 1

ˆ ˆ( ) ( )
S S

j j j j j i j j
i i j

R x x R x x d
= = +

- + - £å å ,  
(7)

        
where Rj,i is the element of the matrix R located at the 
j-th row and the i-th column, and x is the demodulation 
of the zero-forcing solution x̂ .

In light of (7), the complexity of SD is variable de-
pending on the signal to noise ratio (SNR), modulation 
set size, e.g., 4 for QPSK, and the conditioning of the 
channel matrix. An important work on defining the ex-
pected complexity of SD was done by Jalden and Otters-

Table 2. Power and delay profiles of the SCM-E channel for different scenarios.
Suburban macro Urban micro Urban micro

Path Avg. delay Path power Avg. delay Path power Avg. delay Path power
1 0.33 0.526 0.33 0.363 0.25 0.328
2 2.33 0.126 8.33 0.244 6.5 0.175
3 4.67 0.285 11.33 0.218 9.25 0.245
4 12.67 0.048 32.33 0.110 20.75 0.122
5 42.67 0.012 84.33 0.045 25.25 0.082
6 87.33 0.003 141.33 0.020 28.75 0.047

ten in [13]. In this paper, the complexity of SD is ob-
tained using simulation, where we followed the same 
flops counting methodology explained earlier. The com-
plexity of SD is thus given by

1
2 2

3 2

1
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          2 72  
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where A is the average number of flops required to fin-
ish the detection process. Here, A is the only random 
number of (8), and is obtained using extensive simula-
tions.

2-3 Throughput of the Proposed System

Communication system throughput can be calculated 
directly from the channel matrix by considering perfect 
detection [14]. In this paper, we calculate the system 
throughput based on the packet error rate (PER) using 
different detection schemes. In [15], the throughput of 
the conventional single-carrier communication system is 
derived. Based on [15], we derived the throughput achi-
eved by proposed system when considering all the influ-
ential system parameters. Then, the throughput in bit per 
second (bps) is given by:

2
1

( )
(1 ( )) log ( )

U
DSymbol

i i
i s

N i
T PER i CR M

T=

é ù
= - ê ú

ë û
å ,

(9)

where NDSymbol and Ts denote the number of data sub-
carriers per sub-frame and the sub-frame duration, res-
pectively. CR and M are the code rate of the channel 
coder and the modulation set size, respectively. Also, U 
is the number of the single-antenna users assigned the 
same resources for their UL transmission. 

Ⅲ. Simulation Results

3-1 Simulation Environments

Since wireless communication systems evolve, the need 
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to model the MIMO channel becomes urgent. The spa-
tial channel model extended (SCM-E) is one of the best 
geometric channel models that takes into consideration 
both the system and environment parameters. The SCM- 
E model defines three scenarios; namely, suburban mac-
ro, urban macro, and urban micro. The channel is repre-
sented by 6 main-paths distinguishable as Dirac delta func-
tions in the delay-domain. Each main-path is comprised 
of 20 independent sub-paths, where sub-paths are group-
ed into mid-paths, and each main-path is composed of 
3 or 4 mid-paths depending on the channel scenario 
[16]. Table 2 gives the power and the delay profiles at 
carrier frequency fc=3.7 GHz for different scenarios. The 
delay profile is given as the average number of delay 
samples of the mid-paths contained in each main-path, 
and the summation of the power profile values of all the 
main-paths is equal to 1.

Fig. 4 depicts the UL frame structure of single-antenna 
MS when four users are assigned the same resources. 
The null sub-carriers are reserved for the pilots of the other 
users to maintain orthogonality among the pilots. Further-
more, when only one user is assigned the UL resources, 
the null subcarriers are used for data transmission.

Table 3 lists the principal simulation parameters which 
are adopted mainly from the 3rd Generation Partnership 
Project Long Term Evolution (3GPP LTE) [17].

3-2 Performance Enhancement by the Proposed System

The performance of the proposed system is evaluated 
using different schemes, where four single-antenna MSs 
are assigned the same time and frequency resources for 
their UL transmission. Without additional announcement, 
the distances among users are set to 10λ in the si-
mulations. Fig. 5 shows the performance of the pro-
posed system when the packet length is set to 1,200 and 
2,400 data bits for QPSK and 16 QAM, respectively.

Linear ZF has the worst performance because of the 
loss in diversity order, which can be seen from the small 
slope of the PER curve. The performance degradation, 
however, is clearer in the case of 16 QAM.

The performance of the proposed system is improved 

Fig. 4. Uplink frame structure of single-antenna mobile sta-
tion.

Table 3. Simulation parameters.

Parameter Value
Bandwidth (BW) 20 MHz
Sampling frequency (fs) 30.72 MHz
Carrier frequency (fc) 3.7 GHz
FFT size (NFFT) 2,048
Number of data 
subcarriers (NDC) 1,200

Guard interval (GI) 146
OFDM sub-frame (Ts) 7 OFDM symbols (0.5 ms)
Modulation QPSK, 16 QAM

MIMO channel model 3GPP spatial channel model 
extended (SCM-E)

Channel type Suburban macro, urban macro, 
urban micro

Mobility 120 km/h
Channel estimation Pilot-assisted zero-forcing 
BS number of Rx 
antennas 1, 4

Number of single-antenna 
users 1, 4

when the QRD-based SIC scheme is used. QRD-based 
SIC achieves almost the same diversity order of SD, i.e., 
same slope of the PER curve, with 6 dB of performance 
lagging due to the non-optimality of the adopted deco-
ding strategy. Also, as the modulation order increases, the 
co-antenna interference (CAI) becomes more effective, 
consequently the performance is degraded.

Fig. 6(a) depicts the complexity of the detection process 
using the previously mentioned detection schemes. For 
the complexity analysis, we considered four single- an-
tenna users and one 4 receive antennas BS. Then, when 
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Fig. 5. PER performance of the proposed system for different 
detection schemes.
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 (a) QPSK modulation

 (b) 16 QAM modulation

Fig. 6. Complexity of the proposed system with different de-
tection schemes.

QPSK modulation is used, the expected complexity of 
SD is 122 % and 50 % with respect to the complexities 
of QRD-based SIC and ZF schemes, respectively.

On the other hand, when 16 QAM is used, the size 
of the lattice increases, and the complexity of the SD 
scheme also increases, while the complexity of the other 
two detection schemes remains fixed as shown in Fig. 
6(b). The complexity of SD has been an issue in many 
studies, and other alternative schemes were proposed to 
reduce its complexity while achieving the same performan-
ce [18], [19].

Fig. 7 shows the throughput of the proposed system 
obtained using (9), for different scenarios. For the 
sub-frame structure of Fig. 5, the error-free throughput 
of the conventional SISO OFDM system is 15.6 Mbps 
and 31.2 Mbps for QPSK and 16 QAM modulated-data, 
respectively.

Fig. 7. Throughput of the proposed system, when four users 
are assigned to the same UL resources.

The proposed system with SD scheme achieves 48 
Mbps for QPSK modulation without any additional po- 
wer requirements, i.e., at the same average SNR. QRD- 
based SIC, which is indicated as SIC, and ZF attain the 
48 Mbps limit at SNR 15 dB and 20 dB, respectively. 
In the case of 16 QAM, the proposed system achieved 
the maximum throughput of 96 Mbps, which is 3.07 
times that achieved by the SISO system, for both the 
SD and QRD-based SIC schemes.

In the case of ZF, the maximum throughput at SNR 
30 dB is 88 Mbps because of the performance degrada-
tion caused by the use of linear filtering. Also, ZF 
throughput does not follow the capacity curve, which is 
due to the loss in the diversity gain.

The performance of the proposed system is affected 
by the correlation among the antennas of the different 
users. Fig. 8 shows the PER performance of the pro-
posed system for different physical separations among 
users with QPSK modulation. In all scenarios, the dis-
tance between the antennas of the BS is kept at 10λ, 
which is equivalent to 0.81 m. The distance among users 
has three different values; specifically, 10λ, 500λ, and 
drawn from a uniform random variable in a range be-
tween 10λ and 500λ. When the distance among users 
is small, transmit antennas become more correlated, and 
consequently CAI appears. As shown in Fig. 8, the worst 
performance is obtained when the distance among users 
is as short as 10λ, while the best performance is at-
tained when the distance among users is 500λ. On the 
other hand, when the separation among users follows a 
uniform distribution in a range between 10λ and 500λ, 
the proposed system performance is degraded by 0.5 dB 
as compared with that achieved when the separation is 
fixed to 500λ.
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Fig. 8. Effect of the correlation on the performance of the 
proposed system.

Fig. 9. Performance of the proposed system under different 
SCM-E scenarios.

Finally, Fig. 9 shows the performance of the proposed 
system under the three different scenarios of the SCM-E 
channel. Here, we consider that data are modulated us-
ing QPSK and detected using the SD scheme. The best 
performance of the proposed system is achieved under 
an urban micro environment. At target PER 10—2, the 
performance of the proposed system is degraded by 0.2 
dB and 0.5 dB under urban macro and suburban macro 
environments, respectively.

Ⅳ. Conclusions

MIMO spatial multiplexing techniques continue to 
fascinate researchers for their capabilities to increase 
system throughput without the need for additional spec-

tral resources. In this paper, the throughput of an OFDM 
system is increased by allocating the same time and fre-
quency resources to different single-antenna users for 
their UL transmissions. As a consequence, the orthogon-
ality among subcarriers is destroyed, and the performan-
ce is degraded. To cancel out the created interference, 
i.e., streams of other users, MIMO-OFDM detection 
schemes are employed at the BS. The performance of 
the proposed system is then evaluated with different de-
tection schemes, and the overall system throughput is 
calculated. When four users are assigned the same UL 
time and frequency resources, the throughput of the pro-
posed system is 3.07 times that achieved by the conven-
tional SISO OFDM system using the same modulation 
schemes. Furthermore, the proposed system shows con-
siderable stability under different channel environments 
and for different separations among users.

This work was supported by the National Research 
Foundation of Korea (NRF) grant funded by the 
Korea government (MEST) (No. R01-2008-000-20333-0).
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