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Abstract: In wireless local area networks (WLANS), the data
transmission rateis highly wavering concerning time according to
changes in the channel environment. The traditional link
adaptation algorithms, which rely on channel state information
(CSl) estimation for selecting an appropriate modulation-coding
scheme (MCS) does not thrive with madly varying channel
conditions. To uphold this problem, in this paper we contemplate
the link adaptation problem in IEEE 802.11n based WLAN by
evaluating the performance under different combinations of
transmission parameters or transmit modes. The evaluation
results show that an optimal selection of transmission mode on a
per-packet basis according to the current channel state maximizes
the throughput performance of WLAN. Simulations over a wide
class of TGn fading channel model shows that significant
improvement in the throughput is possible by selecting an optimal
combination of transmission parameters adaptively on a
per-packet basis according to SNR estimation made at receiver.

Keywords: BER, |EEE802.11n, MIMO, OFDM, Throughput,
TGn channel model, WLAN.

I. INTRODUCTION

Wirel&s communication suffers greatly from vast

instability in the radio environment between the access points
(AP) and communicating node. Packet loss or bit error rate
(BER) resulting from the multipath fading effects degrade the
performance of WLANSs. To enable reliable transmission
under the worst conditionsin the radio path, the link adaptive
transmission method in WLAN switches to the most robust
MCS. When the estimated channel condition in terms of
signal to noise ratio (SNR) is better, the rate adaptation
scheme selects the MCS that yield higher data rate under the
constraint of quality of service (QoS) requirements. The link
adaptation methods for WLAN presented in [1] [2] are based
on adaptive modulation-coding (AMC) based rate selection.
The link adaptation problem in WLAN is an extensively
studied subject in the research literature. IEEE 802.11n isthe
prominent WLAN standard in use today. The new physical
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layer enhancements such as multiple-input multiple-output
(MIMO), channel bonding, extended MCS modes, and
improved orthogonal frequency

division multiplexing (OFDM) are included in the |EEE
802.11n amendment [3]. The link adaptation proposals for
legacy WLAN standards such as |EEE 802.11a/b/g work out
to be less effective for 802.11n. The recent link adaptation
proposal ARAMIS [4] which jointly adapts data rate and
channel bandwidth, has significantly increased throughput.
The researchers in [5] introduced a new link adaptation
scheme that zigzags between two modes (inter-mode and
intra-mode) for selecting the most appropriate rate. Authors
in [6] investigated the effect of link adaptation based on
MIMO mode, frame length, and channel bandwidth on the
performance of 802.11n. The adaptive proposal for 802.11n
based WLAN called MiSer [7] uses a rate-power pair’s
lookup table for link appropriate switching between
rate-power combinations for maximizing throughput. The
interference aware adaptation algorithm introduced in [8]
jointly adapts rate and channel. All these link adaptation
schemes are based on the estimation of CSI or received signal
strength indicator (RSSI). In this paper the throughput and
BER performance of |EEE 802.11n based WLAN is tested
under different combination of physica parameters. The
simulations are carried out over wide class of TGn channel
models considering smaller bins of applicable SNR range.
The objective of this paper is to determine an optimal
combination of transmission parameters for different SNR
bins.The rest of the paper is organized as follows. Section ||
explains the physical layer enhancements of IEEE 802.11n
WLAN. Section Il discuss the TGn channel model. AMC
based rate adaptation method using estimated signal to noise
ratio (SNRes) is discussed in section V. The discussion on
the different transmission modes that we have considered in
this paper is included in section V. Section VI presents
simulation results carried over a wide variety of TGn fading
channelsfor different transmission modes and the concluding
remarks are given in section V1.

II. WLANPHYSICAL LAYER

The IEEE 802.11n is today’s prominent WLAN standard.
The details of WLAN 802.11n specifications can be found in
[3]. The Physical layer specifications of thisWLAN standard
are based on MIMO OFDM technology [9] [10]. OFDM
changes frequency selective fading channel scenario into a
frequency non-selective also called flat fading one and helps
in mitigating wideband multipath fading effects [11][12].
The OFDM implementation is
based on modulation using
Inverse Fast Fourier transform
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(IFFT) at the transmitting end and demodul ation through Fast
Fourier Transform (FFT) at the receiver. In OFDM symbol
52 of total 64 sub-carriers carry data and 4 are pilot
sub-carriers. The sub-carrier frequency separation is 3.125
KHz and the wideband channel width is 20 MHz. To ensure
orthogonality between sub-carriers and to eliminate Inter
Symbol Interference (1SI) end portion of the OFDM symbol
isprefixed to act asguard interval. IEEE 802.11n amendment
[3] [13] defines two guard intervals viz. Long (equal to
800ns) and Short (equal to 400ns). The MIMO technology in
802.11n supports using space-time block coding (STBC)
and/or spatia division multiplexing (SDM) based diversity
coding using a maximum of 4 spatial streams. The MCS

based transmission modes use a combination of different
modulation (BPSK, QPSK, QAM-16, or QAM-64) and
binary convolutional coding (BCC) with code rate (1/2, 2/3,
3/4, or 5/6) [12][11]. The details of MCS based transmission
modes and corresponding maximum capacity in Mbps is
given in [3]. Existing WLAN chipsets are using AMC based
link adaptation method to choose MCS most appropriate to
present the link state. Fig. 1 depicts the high throughput
mixed with legacy (HT-mixed) packet structure [14].where
L-STF is legacy short training field, L-LTF is legacy long
training field, and L-SIG is legacy signal field. Table |
presents details of the HT-PPDU field functions.

Data ih1en5¢n_._
HTATR T HTATE:
L-STF -LTF L5l HI-STF  HT-LTHHT-LTFH - [HT-LTRHT-LTH ‘HT-LTP Data
J_d-' r
.r"- f
o ;
.-'F #
J_.-‘I &
d'-'- f
F ¥
aF i

HrvIce
16 hits

PSOU Tall | Pad ‘
1-655355 bytes b hits{  hits

Fig1l. HT-mixed packet structure

Table- I: Non legacy HT-PPDU field functions

Field Name Description

Function Timein
Microseconds

Carriesinformation required for decoding HT
packet. Comprises information about mcs, packet
HT-SIG HT signal field length, FEC encoding type, guard interval, 8
number of extension spatial streams, etc. Used for
auto detection between legacy OFDM packets and

HT-mixed frame format.

HT-STF HT short training field To improve AGC estimation for MIMO system. 4
HT-LTF HT long training field To estimate MIMO channel 4
HT-Data HT data field CarriesMAC layer frames. Comprises of service -

field, PSDU, tail bits, and pad bits.

1. CHANNEL MODEL

TGn channel model is a set of MIMO broadband channel
models developed by Task Group n (TGn) for |EEE 802.11n.
The series of measurementstaken both, in indoor and outdoor
radio environments are used to describe the characteristic of
TGn channel models. There is six variant of this channel
model differing in the length of impulse response and the
number of clusters that are considered. Each channel model
profilein this set represents a specific radio channel scenario.
These six different TGn channel profiles are denoted with
alphabets A through F. The most commonly used TGnh
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channel profilesare B, C, D, and E. Table || summarizesthe
characteristic of different TGn channel models[15].
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Table- |1: Characteristic of different TGn channel bpsk Y 7.2 6.5 14.4 13
models gpsk Y | 144 | 13 28.8 26
Channel Environment Condition RM S delay gpsk &7 21.7 | 195 434 39
model spread (ns) 16-gam % | 289 | 26 | 57.8 52
A LOS/NLOS Residential 0 T6-0am 3
B LOS/NLOS Residential 15 = 4 7 | 433 | 39 86.6 8
C Residentiall Smal 20 -gam 2/3 | 57.8 | 52 115.6 104
LOSINLOS office 64-gam Ya 65 | 585 130 117
LOSNLOS | Small or typical 64-qgam 56 | 722 | 65 144.4 130
D office / Large 50
office A. RA-SISO
E NLOS Large office 100 . . . .
S Large office/ 150 RA-SISO \'Nlt.h either long or shorlt guard interval is the
LOSNLOS Large space better transmission mode over the middie SNR range. This

IV. RATEADAPTATION

IEEE 802.11n WLAN standard supports multiple mcs as
given in the table IV. The adaptation of mcs in WLAN
according to channel variations results in a notable capacity
gain. The rate adaptation (RA) mechanism becomes now an
integrated process in the IEEE 802.11n based chipsets.
Adaptive modulation-coding (AMC) based rate adaptation in
WLAN is a highly researched subject in the research
literature. The existing RA agorithms are classified as open
loop and closed loop. Most of the closed-loop RA agorithms
are receiver-based and depend on estimations of CSl, SNR,
or RSSI for appropriate mecs selection. The SNR based RA
algorithms use the thresholding method as shown in the table
11 to switch between different mcs. The SNR switching
thresholds can be determined using either theoretical or
empirical methods. The performance of the RA agorithm
largely depends on the accuracy of the SNR estimation
method. We use different SNR switching thresholds for
different transmission modes to select more appropriate mcs
to maximize throughput in a vast varying channe
environment.

Table- 111: Lookup tablefor SNR based rate adaption

mcsindex

SNl et
0<sres<=T1
Tl<Nreg<=T2
T2<Nres<=T3
T3<grs<=T4
T4< e <=T5
T5< SNret <= T6
T6< e <=T7
Sreg >T7

N[O (WIN|F (O

V. TRANSMISSION MODES

The WLAN performance is analysed considering the
following transmission modes.
1. RA-SISO: Rate adaptive single input single output
2.RA-STBC: Rate adaptive space-time block coding
3.RA-SDM: Rate adaptive spatial division multiplexing
Thetable IV presents different combinations of transmission
parameters and corresponding capacity of the WLAN
system.

Table- 1V: Transmission parametersand capacity of
|EEE 802.11n WL AN system

M odulation Code Data Rate capacity in Mbps
Rate | SISO or STBC SDM
SG= LG= SG = 400ns LG=
400ns 800ns 800ns
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mode uses single transmit and single receive antenna for
transmission. In this mode of transmission link, appropriate
mcs is selected adaptively based on estimate SNR at the
receiving end.

Effect on the BER

The BER of the WLAN system is the function of the
selected modulation scheme as well as SNR. The BER
performance of the WLAN with RA-SISO transmission
mode is the function of the present state of radio channel
(SNRest) and the selected modulation scheme. The BER
equations as a function of modulation scheme and the signa
to noise ratio per bit (EbNo) for Rayleigh fading channel
presented by Simon in [16] are modified as given below.

BER for bpsk modulation

BW
(= )SNrey
[1 BitRate ] 1)
1+( BW )snr.
BitRate” =
Where SNRe is average estimation of the received signal to
noise ratio; BW is the bandwidth of the channel; and BitRate

is the maximum possible capacity of WLAN system with
selected mes.

P,(snr, mcs)|

bpsk 2

BER for M-gam modulation

P(sl, M), = \/—)—) B @
Where,
M . n2, BW
e 152 -1 (B'tRa )-snr, -log,M
p=20 — BW )
= M -1+1.5(2i -1) (Bth) sr, -log,M

Equations (1) to (3) are used to find SNR thresholds vector
for targeted BER of 10! as given below.

T :[Tl Tz T3 T4 T5 Te T7 Ts] (4)
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Effect on the throughput

The throughput of the WLAN system depends on the BER
as given in the following equation.

Throughput = BitRate- (1- P)) (5)

B. RA-STBC

The space time-block coding (STBC) makes the system
more robust against bit errorsresulted due to the fading radio
environment. In the lower SNR range, where RA-SDM is not
satisfying the BER requirement (lessthan 0.1 in our case), the
RA-STBC with either short or long guard interval isthe only
better transmission mode. Therefore, irrespective of the
throughput that we get using other transmission modes, the
RA-STBC isconsidered as an optimal mode for transmission
in the lower SNR range. This mode of transmission uses rate
adaptation with Alamouti coding [17]

Improvement in the BER performance

RA-STBC mode improves the BER performance of the
system. The improvement in the BER performance resulting
dueto STBC encoding is called diversity gain asgivenin the
following eguation.

= ()(R(sryy, Me9)) (6)

&smc) M

Where | is called diversity order which is defined as follows.
In2X1 STBCencodingasNt =2, Nr = 1, and | will takevalue
equal to 2. The BER equation in (6) therefore is modified as
given below.

P, = AR(SM, MeS))° (7)
C. RA-SDM

The spatial division multiplexing (SDM) encoding for
MIMO improves significantly the throughput performance of
WLAN. However, the channel condition must be good
enough to consider this mode of operation for transmission.
Under high SNR conditions, this mode alows parallel
transmission over multiple spatial streams. The SDM
encoding method iswell explained in [10] [18].

Improvement in the throughput performance

The measure of the throughput gain as a result of SDM
encoding is called multiplexing gain, which is defined in the
following equation.

Throughputg,,, =G,, - (Throughputyg,) (8)

Where G, is the gain due to multiplexing which is equal to
the number of spatial streams. In 2X2 MIMO based SDM
encoding the number of spatial streamsis 2 and therefore the
throughput gets doubled as given in the following eguation.

Throughputg,, x = 2- (Throughputye,) — (9)
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VI. SIMULATION RESULTSAND DISCUSSIONS

Fig. 3 to Fig. 6 on show simulations carried out over
variants of TGn channel models (TGn B, TGn C, and TGn D)
with adifferent combination of transmission parameters. The
average throughput performance of WLAN with different
transmission modes calculated over smaller SNR bins are
presented in tables V to VII.

A. Performance of RA-SISO

Although RA-SDM is an optimal transmission mode in
terms of throughput, it requires good channel conditions.
When the SNR is less than 30 dB, RA-SDM mode resultsin
increased interference which reduces the ultimate throughput
of the system. Asshown in the Fig. 2, Fig. 4, and Fig. 6in al
channel scenarios RA-SISO with long or short guard interval
isfound to be optimal in terms of throughput as well as BER
when the SNR varies between 15 dB to 30 dB. Tables V to
VIl shows that the performance of WLAN with RA-SISO
transmission mode is better than other transmission modes
over the middle SNR range.

B. Performance of RA-STBC

Whenitisasmall or typical office environment, the TGn C
or TGn D isthe appropriate channel model to consider [15].
In these channel scenario, RA-STBC with long guard interval
is the only transmission mode which satisfies the BER
constraint (BER < 0.1 in our case) when SNR isless than 15
dB as shown in Fig. 5 and Fig. 7. Therefore irrespective of
throughput that resulted due to other transmission mode,
RA-STBC is selected as an optimal mode for transmission as
presented in table VI and VII.

C. Performance of RA-SDM

For TGn-D channel model (appropriate for large office
environment with NLOS communication), RA-SDM with
short guard interval is found to be an optimal transmission
mode in lower (SNR < 15 dB) as well as higher (SNR > 30
dB) SNR range in terms of average throughput result as
shown in Fig 6. In al other channel scenarios, RA-SDM
outperforms other modes when the channel condition is good
enough (SNR > 30 dB) as presented in table V to VII.

= gt RA-SISO] X1} S50 = 400ns
—— RA-BIBO{1X1]}, LC—800ns -
LM} w &
- = RA-STIRC{2X 1), 50— i
—tr— BAS TN )L G =800 -

B |={ = &= RA-SDM{2X2),50—400ns v

—i— HA-SIA [2X ), LO—&0ne r

Throughput [Mbpa)

0 0 1] an 1]
ENR (48]

Fig 2. Throughput v/s SNR over TGn B with LOS
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Table V. Throughput performance of WLAN over TGn-B channel with LOS

SNR Throughput [Mbps] Optimum
RA-SISO RA-STBC RA-SDM transmit mode
SG LG SG LG SG LG

5> SNR < =10 5.86 6.24 6.26 535 6.26 6.24 RA-STBC with
SG

10> SNR <= 20 16.76 21.19 17.69 15.45 15.17 14.85 RA-SISO with
LG

20> SNR < =30 41.18 31.19 38.79 36.08 33.14 31.17 RA-SISO with
SG

30> SNR <= 40 52.98 57.83 57.03 48.75 71.03 68.33 RA-SDM with
SG

40> SNR < =50 54.10 58.44 53.38 49.72 94.94 103.22 RA-SDM with
SG

Table VI. Throughput performance of WLAN over TGn-C channel with NLOS

SNR Throughput [Mbps] Optimum
RA-SISO RA-STBC RA-SDM transmit mode
SG LG SG LG SG LG

5>SNR<=10 543 6.20 5.74 4.36 7.17 7.09 RA-SDM with
SG

10> SNR <= 20 16.47 18.17 16.48 15.70 1391 12.97 RA-SISO with
LG

20> SNR < =30 41.23 35.90 41.15 34.73 29.26 27.07 RA-SISO with
SG

30> SNR <=40 53.50 49.17 50.85 47.09 59.68 58.91 RA-SDM with
SG

40> SNR < =50 55.77 50 51.09 49.01 100.98 94.37 RA-SDM with
SG

TableVII. Throughput performance of WLAN over TGn-D channel with NLOS

SNR Throughput [Mbps] Optimum
RA-SISO RA-STBC RA-SDM transmit mode
SG LG SG LG SG LG
5> SNR < =10 6.28 552 5.86 5.4 8.11 6.34 RA-SDM with
SG
10> SNR <= 20 18.7 17.86 14.98 13.68 15.16 14.65 RA-SISO with
SG
20> SNR < =30 416 39.86 36.39 37.18 37.09 36.05 RA-SISO with
SG
30> SNR <= 40 51.61 48.36 49.59 46.58 75.95 74.32 RA-SDM with
SG
40> SNR < =50 52.67 49.99 52.08 47.25 101.19 95.26 RA-SDM with
SG
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