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Abstract— The main focus of current research and 

development for the next-generation wireless local area network 
(WLAN) communication systems is to enhance the link 
throughput and channel capacity. In this paper, the 
performance analysis of the ongoing next-generation WLAN 
standard, IEEE 802.11n high throughput WLAN PHY layer is 
presented. The design criteria is based on a 4x4 MIMO-OFDM 
scheme using 64-QAM (Quadrature Amplitude Modulation) 
technique under Rayleigh frequency-selective fading and flat 
fading channels. Simulation results show that a significant 
performance gain, 4~7 dB, depending on the channel selection, 
can be achieved when 1/2 space-time block code (STBC) rate is 
applied with respect to bit-error-rate (BER). Furthermore, 
performance gain of 7 dB is achieved when the 4x4 system using 
1/2 STBC is compared with a 2x2 system using STBC code rate 
1. 

 

Index Terms— MIMO, OFDM, STBC, WLAN, 802.11n. 

I. INTRODUCTION 
rthogonal Frequency Division Multiplexing (OFDM) is 
a multi-carrier transmission technique employed to 
reduce the intersymbol interference (ISI) of wireless 

systems with small symbol periods. As a result, the capacity 
in wireless systems is improved. Another promising 
transmission technique is multiple-input multiple-output 
(MIMO) which enables the enhancement of capacity and 
performance with low BER proportional to the number of 
antennas. Therefore high spectrally efficient wireless 
transmissions can be produced by using multiple transmit 
and multiple receive antennas. Further, the combination of 
MIMO and OFDM greatly reduces the equalization 
complexity [1]. 

The definition of MIMO systems is that with a given 
arbitrary wireless communication system, there is a link 
where the transmitting end and the receiving end are 
equipped with multiple antenna elements. The signals 
produced by both types of antennas combine in such a way, 
which result in a reduced BER or increased data rate 
(bits/sec). A major advantage of MIMO system is their 
ability to utilize multi-path propagation to increase the 
transmission efficiency and channel capacity by the use of 
random fading and multipath delay spread. In this way, many 
orders of magnitude enhancement can be achieved in 
wireless communications without the use of extra spectrum 

[2]. The destructive addition of multipath in a propagation 
medium and the interference of other users results in severe 
attenuation of the transmitted signal over the wireless 
channel. The reliability of wireless communications is the 
product of diversity techniques such as temporal diversity, 
frequency diversity or antenna diversity [3]. 

In order to achieve the full diversity promised by transmit 
and received antennas, space time block code (STBC) is used 
[6]. The employment of more than one antenna at the 
transmitter and the proper coding of data across the transmit 
antennas physical layers (PHYs) with STBC guarantee an 
increased data rate with minimal decoding complexity at the 
receiver [4].The channel codes are constructed based on the 
classical mathematical framework [8] of orthogonal designs. 
Space time block codes, which are designed in this way, 
exist for few sporadic values of n transmit antennas and 
therefore a new mathematical theory was applied [7]. For 
complex signal constellations such as quadrature amplitude 
modulation (QAM), STBCs are designed to achieve the 
maximum possible transmission rate for any number of 
transmit antennas [6]. 

STBC technique is a special form of PHY diversity, which 
is a complex combination of coding theory, matrix algebra 
and signal processing [4]. It is a technique, which operates 
on a block of input symbols producing a matrix and outputs 
whose columns and rows represent time and antennas, 
respectively. A key feature of STBCs is the provision of full 
diversity with extremely low encoder/decoder complexity 
[5]. Therefore, STBCs can be effectively used to exploit the 
advantage of MIMO systems. With STBCs, the channel state 
information (CSI) is suggested to be available at the receiver 
and is practically calculated by the use of training symbols 
and pilot tones. 

Hence, the most upcoming IEEE 802.11n standard 
proposals proposed to combine MIMO signal processing 
with OFDM in the next generation WLAN system. The 
target is to provide high data rates up to 540 Mbit/s. It is 
known that the combination of MIMO and OFDM is a 
promising solution for enhancing the performance. High 
throughput in wireless communication systems can be 
achieved by increasing the number of antennas and doubling 
the bandwidth range. Furthermore, STBC techniques are also 
suggested in the MIMO-OFDM based 802.11n standard 
proposals by considering that STBC can help to achieve the 

O 

1-4244-0523-8/07/$20.00 ©2007 IEEE 164

Authorized licensed use limited to: Brunel University. Downloaded on August 27, 2009 at 06:04 from IEEE Xplore.  Restrictions apply. 



full diversity and hence increase the data rates and 
throughput of an 802.11n system. 

The purpose of this paper is to evaluate the performance of 
802.11n WWISE proposal [9] under a selection of different 
STBC rates. The system under investigation is a 4x4 MIMO-
OFDM PHY layer with 64-QAM modulation using Rayleigh 
frequency-selective fading and flat fading channels with 
STBC code rates 1 and 1/2. Comparison is performed with a 
2x2 MIMO-OFDM system in order to show full diversity 
performance of the system. Previous work provided us with 
results from some simple modulation techniques, e.g. QPSK 
modulation for the code rate of 1 and 16-QAM for the code 
rate of 1/2 [11]. The scope of this paper is to advance the 
802.11n performance on 64-QAM modulation technique 
with STBC code rates 1 and ½, and to evaluate its 
performance through extensive simulations. The simulation 
results confirm that a significant performance gain can be 
achieved with a system of 1/2 STBC code rate and multiple 
transmit/receive antennas, in comparison to those systems 
with STBC code rate 1. 

The outline of this paper is organized as follows. Section II 
introduces the system model. In Section III, the numerical 
results obtained from the simulations are presented. Finally, 
Section IV draws the conclusions. 
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Fig. 1: MIMO-OFDM PHY layer model at transmitter 

Combiner

Remove
Cyclic
Prefix

P/S

Binary 
Sink P/S

QAM 
Baseband 

Demodulator
+

Deinterleaver
+

Unpuncture
+

Unquantized 
Viterbi 

Decoder

QAM 
Baseband 

Demodulator
+

Deinterleaver
+

Unpuncture
+

Unquantized 
Viterbi 

Decoder

P/S

128
FFT

128
FFT

Channel 
Estimator/
Frequency 
Equalizer

OFDM 
Symbols

OFDM 
Symbols

Channel 
Estimator/
Frequency 
Equalizer

128
FFT

128
FFT

Channel 
Estimator/
Frequency 
Equalizer

OFDM 
Symbols

OFDM 
Symbols

Channel 
Estimator/
Frequency 
Equalizer

Remove
Cyclic
Prefix

Remove
Cyclic
Prefix

Remove
Cyclic
Prefix

OFDM
Demultiplextor

OFDM
Demultiplextor

OFDM
Demultiplextor

OFDM
Demultiplextor

NSS=4 NRx=4NDS=2

 
Fig. 2: MIMO-OFDM PHY layer model at receiver 

II. SYSTEM MODEL 
Recent developments focusing on the next-generation 

WLANs are proposed by several 802.11n proposals, e.g. 
TGnSync [13], WWISE [9] and MITMOT. These groups 
have recently agreed in submitting a unified proposal [12] to 
the IEEE 802.11n task group. The above proposals are based 
on the MIMO-OFDM technique for obtaining higher data 
throughput using multiple antenna arrays. The MIMO-

OFDM system considered in this paper closely resembles the 
802.11n WWISE proposal in [9]. The channel bandwidths 
used are 20 MHz and 40 MHz. Additionally, the 802.11n 
proposals include spatial multiplexing techniques in order to 
convert serial data stream to multiple parallel streams. In the 
following, we first give a brief overview of the 802.11n 
WWISE proposal [9]. Then both system and simulation 
models are presented based on the WWISE proposal 
framework. 

A. Model Description of 802.11n PHY 
In 802.11n PHY layer, at the transmitter side a 

convolutional encoder is chosen to encode the binary source 
data, see Fig. 1. An encoder parser is a serial-to-parallel 
block that divides the original data stream fed from the 
source. After the encoder parser, the original data stream is 
converted to NES (=2) parallel binary random data streams 
which then pass through another NES encoders comprising 
convolutional encoder, puncturer, interleaver and modulator. 
A puncturer block has been added in order to achieve the 
code rates before the interleaver. The interleaver block is fed 
with coded bits from the convolutional encoder prior to a 
rectangular QAM baseband modulator using the Gray code 
for mapping the symbols. The stream parser module divides 
the output of the encoded stream into NSS spatial streams by 
assigning each frame for feeding the OFDM multiplexing 
and then the inverse fast Fourier transform (IFFT) process 
converts the frequency symbols into the time domain to the 
respective transmit antenna. A cyclic prefix has been added 
to avoid the ISI interference. Using the STBC code, the data 
passes to the receiver through Rayleigh (frequency-selective 
and flat fading) channel using 4x4 antennas. The process of 
the transmitted signal at the receiver passes via the next 
blocks in order to receive the appropriate data. On the 
receiver PHY layer system model (see Fig. 2), the OFDM 
frames are demultiplexed. The cyclic prefix that has been 
added to the transmitter is now removed. The FFT reconverts 
the process to the original state from time domain to the 
frequency domain. The training and pilot synchronization 
signals are removed whereas a frequency domain equalizer 
and a minimum mean square error (MMSE) channel 
estimator have been added. The data passes through the 
demodulator, deinterleaver, unpuncturer and Viterbi decoder. 
The decoder stream, NDS, combines the decoded bits and the 
information data reach the sink. 

B. Simulation Overview 
As proposed in the 802.11n draft [9], the bandwidth of the 

OFDM signal is 40 MHz. In this case, the number of samples 
(Ns) is 128 for an OFDM data symbol which are equal to the 
number of subcarriers. The information-carrying data are 
encoded in the following modulation procedure. The binary 
source data sequence is first scrambled and then 
convolutionally encoded by the industrial standard rate 1/2 
encoder. The encoded output is then punctured according to 
the data rate requirement and is segmented into blocks of 
length CBPSN , Table I, each of which corresponds to an 
OFDM data symbol. The binary data in each block is first 
interleaved among the subcarriers and then the information 
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sequence is mapped in groups of bits into QAM symbols, 
which are used to modulate the different data carrying 
subcarriers. Each OFDM data symbol in the OFDM data 
field employs Ns = 128 subcarriers, 108 of which are used 
for data symbols and 4 for pilot symbols and 1 DC (Direct 
Current). There are also 15 null subcarriers with 1 in the 
center and the other 14 on the two ends of the frequency 
band. The OFDM data symbols, each of which consists of Ns 
= 128 samples, obtained via taking the IFFT of the data 
symbols, pilot symbols and nulls on these Ns subcarriers. To 
eliminate the ISI, each OFDM data symbol is preceded by a 
guard interval (GI), which contains the last samples of the 
data OFDM symbol [9]. 

C. Channel description of the model 
So far, the transmission of the data stream with four 

transmit and four receive antennas has been described. In 
brief the sequence of the transmitter, the output bits after the 
encoder and especially from the interleaver of a single spatial 
stream are mapped to the subcarriers of the first antenna. Pair 
of complex numbers are transmitted through the four 
transmit antennas. The encoding scheme that has been used 
for this transmission is referred to as STBC. The STBC 
operates on a block of input symbols that produce a matrix 
output whose columns represent the time and rows of the 
antennas. 

Hence, the output complex baseband signal ( )k
ix t  is 

filtered and converted to a radio frequency (RF) signal with a 
carrier frequency k

cf . 

 
1

0
( ) ( ) exp{ ( )}

N
k k
i i GI

nTx

Ex t d n j t T
N

ω
−

=
= ⋅ −� , (1) 

for i = 1, 2, …, NTx transmit antennas and k = 1, 2, …, K 
OFDM blocks, where E is the average energy per transmitted 
symbol which is independent of the number of transmit 
antennas. ( )k

id n is the complex signal that is transmitted 
through the n-th subcarrier via the i-th transmit antenna 
during the k-th OFDM period. 2 /( )sNTω π=  is the 

frequency separation between two adjacent subcarriers. GIT  

is the guard interval duration with / 4GI sT NT= . 
Therefore, the signal operates in the interval of 
[ , ]GI GI sT T NT+ . 

The Rayleigh frequency-selective fading and flat fading 
channels are chosen such that the signal can be highly 
distorted and distinct, respectively [10]. As mentioned 
earlier, by using CSI, the channel is unknown to the 
transmitter but is known to the receiver. The received data 
stream ( )k

jr n  at the n-th subcarrier and the j-th receive 
antenna during k-th OFDM symbol duration with Additive 

White Gaussian Noise (AWGN), ( )k
jw n , can be expressed 

by the following equation: 

 
1

0
( ) ( ) ( ) ( )

TxN
k k k k
j ij i j

nTx

Er n H n d n w n
N

−

=

= ⋅ +�  (2) 

( )k
ijH n is the frequency response of the channel  

 
1

0
( ) ( ) exp{ 2 }

L
k k
ij ij l

l
H n a l jn fπ τ

−

=
= ⋅ −�  (3) 

and where )(la k
ij is the multipath gain coefficient for L 

available paths and lτ  is the path delay of the l-th path. 

III. NUMERICAL RESULTS 
The main purpose of the simulation is to analyze the 

performance of the 802.11n for various data rates under 
different STBC code rates with 64-QAM modulation using 
Rayleigh channels. In our simulations, we set the transmit 
antennas NTx and the receive antennas NRx for the 4x4 
system as NTx = NRx = NSS = 4 (where NSS is the number of 
spatial streams) as illustrated in Fig. 1 with encoded streams 
NES = 2 and decoded streams NDS = 2 in Fig. 2. Further a 
comparison is performed between 1/2 STBC 4x4 MIMO-
OFDM system and a 2x2 system under STBC code rate 1 
using NES = 1 and NDS = 1 via a Rayleigh flat-fading 
channel. 

The specifications that are used for the simulation setup 
for the 4x4 system are presented in Table I. For the 2x2 
system half packet length size is applied for each data rate. 
The transmitter sends 16 MIMO-OFDM data symbols per 
spatial stream. Different packet lengths have been 
transmitted for different data rates. To obtain the average 
performance, 1000 packets are transmitted for each data rate. 

TABLE I 
PHYSICAL LAYER PARAMETERS FOR 40 MHZ, NSS=4, NES=2 

 
From Fig. 3 and Fig. 4 it can be observed that the 

maximum data rate is 540 Mbit/s for 4x4 system at 20 dB 
and 26 dB using STBC code rate 1 under Rayleigh flat 
fading and frequency-selective fading channel, respectively. 
For 1/2 STBC code rate the system also achieves the highest 
data rate that gains approximately 4 dBs for Rayleigh flat 
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fading channel and 6 to 7 dB for Rayleigh frequency-
selective channels. The simulation results shown in Fig. 3 are 
an average over ten experiments for each data rate. However, 
comparing Fig. 3 and Fig. 4, it is obvious that the Rayleigh 
frequency-selective fading channel requires more power in 
order to achieve the appropriate data rate than the Rayleigh 
flat fading channel. The signal-to-noise ratio (SNR) varies 
from 3 to 4 dBs that actually means duplication of the signal 
power. The highest data rate (540 Mbit/s) is achieved in our 
system that is ten times more according to the existing 
802.11a protocol. Performance gain is achieved 4 to 7 dBs 
less depending on the channel selection with 1/2 STBC code 
rate under 64-QAM modulation. 
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Fig. 3: BER simulation results with 1 and 1/2 STBC under 

Rayleigh frequency-selective fading channel 
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Fig. 4: BER simulation results with 1 and 1/2 STBC under 
Rayleigh flat-fading channel 

Also, from Fig. 4 the maximum data rate is 540 Mbit/s for 
4x4 system at 20 dB using STBC code rate 1 under Rayleigh 
flat fading channel. For 1/2 STBC code rate the system is 
also setup to operate in the maximum data rate and shows a 
gain in performance of approximately 4 dBs. This 
performance gain is due to the transmitted replicas of the 
signal which are provided in the form of redundancy in the 
time domain. So there is diversity in time. 

In Fig. 5 a comparison is presented between two different 
systems. These are the above designed 4x4 MIMO-OFDM 
system using 1/2 STBC code rate and a 2x2 MIMO-OFDM 
system using STBC code rate 1, both using the 64-QAM 
technique, under a Rayleigh flat-fading channel. Simulation 
results show that the 4x4 system with 1/2 STBC code rate 
has a gain of 7 dBs comparing to the 2x2 system with STBC 
code rate 1 at all data rates. This performance gain is due to 
the transmitted replicas of the signal and due to the antenna 
diversity of the system. More antennas give higher diversity 
and therefore better estimation at the receiver for the 
transmitted signal. 
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Fig. 5: BER simulation results with 2x2 using STBC 1 and 

4x4 using 1/2 STBC under Rayleigh flat-fading channel 

IV. CONCLUSION 
This paper presented the performance analysis of the 

upcoming 802.11n PHY layer model based on the 802.11n 
WWISE proposal [9] with four transmit and four receive 
antennas by comparing it under different STBC rates as well 
as with 2x2 antenna system. Our simulation model can also 
be easily extended to study other 802.11n proposals. We 
provide two examples of space-time block codes using 
multiple transmit and multiple receive antennas. Simulation 
results were carried out using Rayleigh frequency-selective 
fading and flat fading channel with 64-QAM modulation 
technique under different STBC code rates. It is evident from 
the numerical results that the physical layer model with four 
transmit and four receive antennas and 1/2 STBC code rate 
offers higher diversity in time and results a gain in 
performance. Furthermore simulations show that the 4x4 
with 1/2 STBC model has a performance gain when it is 
compared with a 2x2 model using STBC rate 1. This 
comparison was made in order to show the full diversity 
performance of the system. 
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