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Abstract— This paper aims to evaluate the goodput perfor-
mance of the IEEE 802.11a wireless local area network (WLAN)
from both the media access control (MAC) layer and physical
(PHY) layer perspectives. From the physical layer perspective,
we analyze the packet error rate performance of the orthogonal
frequency division multiplexing (OFDM) based WLANs under
the generalized Nakagami fading channel. According to the
Chernoff bound analysis in the Nakagami fading channel, we
derive the approximate packet error rate for the IEEE 802.11a
WLAN with different data rates and fading parameters. Further-
more, we propose an efficient channel driven rate adaptation
(CDRA) scheme. Through a PHY/MAC cross-layer analysis,
we demonstrate that the goodput of the CDRA scheme indeed
approaches to that of the optimal dynamic programming based
rate adaptation method, while avoiding the complex calculations
in selecting transmission parameters as the optimal method.

I. INTRODUCTION

The IEEE 802.11a WLAN is becoming an important stan-
dard for wireless data networks because of its capability
of deliver higher transmission rates compared to the first
generation IEEE 802.11b WLAN. The IEEE 802.11a WLAN
adopts orthogonal frequency division multiplexing (OFDM)
and other advanced transmission techniques to achieve data
rates ranged from 6 Mbps to 54 Mbps [1].

This paper includes two major contributions. First, we im-
prove the analytical model of [2] to incorporate the generalized
Nakagami fading channel [3]. Thus, the goodput performance
of the IEEE 802.11a WLAN can be evaluated for different
fading environments. Secondly, we propose a channel-driven
rate adaptation (CDRA) algorithm, which can switch the PHY
mode according to the available channel state information.
We will show that the goodput performance of the proposed
scheme approaches to that of the optimum scheme of [2].

The rest of this paper is organized as follows. Section II
introduces the backgrounds for the IEEE 802.11a physical
layer parameters as well as the generalized channel model.
Section III develops a cross-layer goodput analysis for the rate
adaptive IEEE 802.11a WLAN on the generalized Nakagami
fading channel. Section IV describes our new rate adaptation
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TABLE I
EIGHT PHY MODES OF IEEE 802.11A PHY

Mode | Data rate | Modulation Bytes per Coding rate,

(Mbits/s) Symbol, BpS R
1 6 BPSK 3 1/2
2 9 BPSK 4.5 3/4
3 12 QPSK 6 1/2
4 18 QPSK 9 3/4
5 24 16-QAM 12 1/2
6 36 16-QAM 18 3/4
7 48 64-QAM 24 2/3
8 54 64-QAM 27 3/4

scheme. Section V shows the numerical results. Finally, we
conclude this paper in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. IEEE 802.11a Physical Layer

The IEEE 802.11a WLAN provides eight PHY modes with
data rates ranged from 6 Mbps to 54 Mbps, as shown in Table
I. Selecting one out of these available transmission rates will
result in different goodput performances.

B. Generalized Fading Channels

In this paper, we consider the generalized Nakagami fading
channel model [3]. A Nakagami-m distribution can character-
ize channels with different fading depths through the amount
of fading (AF). Specifically, AF is defined as the ratio of the
variance of the received energy to the square of the average
received energy [4], i.e.

var(A?)
AF = ——= 1
(B4 .
where A is the fading amplitude. For the Nakagami-m fading
model, the probability density function (pdf) of the signal
amplitude is given by
2m™m A2m—1 mA?
A) = —
p(4) QT (m) exp(=—5—),
where m is the Nakagami-m fading parameter, and €2 is the

average signal power. It can be shown that in the Nakagami
fading channel,
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As m = 1, the Nakagami channel model becomes the Rayleigh
fading channel, while as m — oo, the Nakagami-m fading
channel converges to the non-faded AWGN channel. A Rician
fading channel with parameter K can also be approximated
by the Nakagami-m fading signal with [5]
m2 —m
K=—re——, 4)
m—vm?—m (

where K is the ratio of the power of the specular component
to the scattering power.

III. GOODPUT ANALYSIS UNDER GENERALIZED FADING
CHANNELS

Now we want to extend the goodput analysis of [2] to the
Nakagami fading channel. To achieve this objective, there are
two steps. First, we need to calculate the Pb(M) in the formula

of the first-event error probability [7]:

~ 1 -
PIE) ~ phae YR 01 = B @) (5)

with respect to the Nakagami channel. Second, the conditional
channel state transition probability fp, 5(r]3) is required to
be recalculated with respect to the Nakagami channel model.
Consider a fading channel model, where u(t) is the complex
envelope of input signal, a(¢) is the complex Gaussian random
process with variance 02 = 1, and n(t) is the AWGN [8]. Then
the received signal z(t) can be expressed as

2(t) = A" Vu(t) +n(t) (©)
where
A(t) = ve’? +a(t)] @)
and
0(t) = arg[ye’™ +a(t)] . (8)

Note that the amplitude v is a fixed deterministic quantity; the
phase 1) is uniformly distributed over [—, 7]; and the envelop
process A(t) possesses the Rician distribution.

Assume that the fading amplitude is constant at the value A
throughout a specified signaling interval, and the phase error
¢ is also a constant in the tracking loop, then the conditional
bit error probability given both the value ¢ and A is [9]

Py(¢, A) = P (s A? cos? ¢). ©)

Thus, the bit error probability can be computed from

P = / "7 Py, Ap(o1A) f(A)dodA,

—T

(10)

where p(¢|A) is the conditional pdf of the phase tracking error
given the fading amplitude A [10], [11]:
exp(Aaq cos ¢)
A)=——"7"""

In (11), g is the nominal loop SNR, which exist in the
absence of signal fading. Let

—r<o<m

(1)

TABLE II
REQUIRED Ej} /Ny FOR PER = 10~! UNDER RAYLEIGH FADING

CHANNEL.
Data rate (Mbits/s) 6 9 12 18
Ey,/No (dB) 13.962 | 56.398 | 13.962 | 56.398
Data rate (Mbits/s) 24 36 48 54
E,/No (dB) 16471 | 45.757 | 25.984 | 63.807

where K is the ratio of specular to diffuse energy mentioned
above as (4). Then we can have

Aagcos¢
P = / / PG, o
—(A2+'Y
A, J(QAV)dgédA
- // )
1+K
,/1+Ko¢ocos¢

e YIh(2\/yK)dody.  (13)

Io(y/ 7 0)

The analysis and simulation results for the error perfor-
mances over the generalized fading channel will be compared
in Section V. From (refeq:PbQRi), we can analyze the ef-
fective goodput and derive the SNR boundary in our CDRA
scheme, which will be discussed in detail in the next section.

IV. LINK ADAPTATION SCHEME
A. Algorithm

In this paper, we propose a channel-driven rate adaptation
(CDRA) algorithm to take account of channel conditions
when selecting physical transmission parameters. Specifically,
CDRA algorithm switches to the best PHY mode (i.e. mod-
ulation and coding scheme) as soon as the channel state
information is available. The algorithm is detailed as follows:

1) Set the required PER.

2) Calculate the PER of these eight PHY modes under the
interested channels.

3) Find the required Ej/Ny for each PHY mode using
interpolation.

4) Observe the required E},/Nys for each PHY mode, pick
the efficient modes at Fj, /Ny boundaries of channel state
Si, Ni—1 and n;, for ¢ from 1 to V.

5) Map the channel state to s; and switch the system to the
corresponding PHY mode at the instant of every retry.

B. Reduced Mode Rate Adaptation

From (26) of [2] and (5), we can calculate the PER for
AWGN, Rayleigh fading, and Rician fading channels. Here
we first consider Rayleigh fading channel, i.e., the case of
m=1 in Nakagami fading channel. Let the required PER as
0.1. By computing the PERs of some Ej /Ny, we can get the
required Ej, /Ny for each PHY mode, as shown in Table IL

_ A? (14 KA 12 From the table, we can see that the PHY modes with data
y= g_g = (1+K)A% a2) rates equal to 6 and 12 Mbps have the same performance,
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which implies that the 6 Mbps PHY mode is not needed.
Similarly, because 9 and 18 Mbps modes have the same
performance, the 9 Mbps mode is not needed. Moreover,
because the required Ej, /Ny for 24 Mbps is smaller than that of
18 Mbps, the receiver does not need the 18 Mbps mode. Note
that the required F}, /Ny of 48 Mbps is smaller than that of 36
Mbps. Consequently, 36 Mbps mode can be removed. Now,
we just use 12, 24, 48, and 54 Mbps modes. The boundaries
of selecting these regions are: 17; = 16.471 dB, 1, = 25.984
dB, and 73 = 63.807 dB.

C. Generalized Nakagami-m Fading Channel Model

Let x; and ;41 represent the SNR values at the ¢-th and
(7 + 1)-th retry, respectively. Then we can express pji as :

P(zip1 € (=1, ) x5 € (Mj—1,75))
P(z; € (nj-1,m;)

Now we calculate the joint pdf p(z;, ;1) in order to obtain
P(zit1 € (Mk—1,mk), 2 € (Mj—1,M;5))-

Denote a;_, and «; as the channel fades at time instants
t — 7 and t, respectively. In the Nakagami fading channel, the

joint pdf p(a¢—r,ay) is given by [3]
A(ap—ro)™ my "t
— p)L(m)p(m=—1/2 <5>
<2m\/ﬁozt Tozt)
exp< (af T+at))
1-pQ )’
where I,,,_1(.) is the (m—1)*-order modified Bessel function
of the first kind, I'(m) is the Gamma function, m is the
Nakagami fading parameter, and E[a?_. | = E[a?] = . Note

that ) is normalized to 1 in this paper. From [6], the channel
correlation coefficient p in (15) can be expressed as

_ Jo(27 faT) + K cos(27 fqT cos Op)
B 242K ’
where K is the ratio of the specular power to scattered power,
the 6 is the angle of arrival phase.
Assume that the Doppler spread f; = 0 Hz, i.e., no relative

movement between the transmitter and the receiver. Then p =
0.5. Thus, we have

Pik =

p(at—Taat) =

15)

(16)

P(zi41 € (Mr—1,Mk), (773 1,%))

Mk M35
/ / P(r ) deryrdor (17)
and
(Mj—1,m5))
135
/ / P(0r—ron)doy_rdoy. (18)

Substituting (14) into (17) and (18), we can get all N?
transition probabilities, p;i, where j, k = 1,..., N. After
obtaining the transition probabilities, we can apply them to
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calculate goodput with the Ej, /Ny transition threshold in our
proposed rate adaptation scheme. The approach of calculating
the transition probabilities can be used for both the complete
and the reduced modes. Once we know the number of channel
states and the Ej/Ny values of decision boundaries, we can
calculate the transition probabilities of the channel with any
states.

D. Goodput Computation

The goodput computation of CDRA scheme is similar to the
method described in [2]. However, it can be further simplified.
As we know the Ej, /Ny value of transmission, we can choose
the PHY mode. Note that fp s(r|s) can be replaced by p;s
to indicate the case s € (nj—1,7;) and r € (Mg—1,7%), and
7 is a function of the channel state. Then E[data] can be
simplified as:

Eldatal(¢, s, m,n)
= Ps,xmit(ea&m) -l 4+ [1
N
Z pjk - Eldata](¢,r,m(r),n + 1),
k=1

- Ps,wmit(ga S, m)]

(19)

where N is the number of channel state. Now E[Dy,,] can
be simplified as
E[Ddata} (67 S, Tha TL)
= Tbkoff (n) + Tata (@, ﬁl) + tSTFSTime + T,k (Th)
+Ps,w'rnit(€a S, 7’71) “tDIFSTime + [1 - Ps,a:m’it(zy S, m)]

N
: {5wait(n + 1) + ijk . E[Ddata](ev ’I",Th(’l“),n + 1)
k=1

(20)

Substituting (14) into (19) and (20), we can easily get the
goodput performance of our CDRA scheme.

V. NUMERICAL RESULTS

A. Effect of Fading Channel on Packet Error Probability
Performance

In Fig. 2, we can see that because (5) is actually the
Chernoff bound, the PER performance by simulation are
bounded by the analytical values obtained from (5). The
E,/Ny difference between the analytical approximation and
simulation is about 1 dB, 2 dB, and 3 dB for the PHY modes
3, 5, and 7, respectively. The differences result from the fact
that the combination of (24) in [2] and the bound of the first-
event error probability of hard-decision Viterbi decoder in (5)
is just an approximation. As the modulation level increases,
the differences between the approximate packet error rate and
the simulation value results becomes more significant.

Figure 3 shows the error rate performances of the IEEE
802.11a WLAN over the Rayleigh fading channel. The PER
performances by analysis converge faster than those by sim-
ulation. As the Fj/Ny value increases, the simulation and
analysis results get closer . Figure 4 compares the analytical
and simulation error performances over the Nakagami channel

0-7803-8533-0/04/$20.00 (c) 2004 IEEE



TABLE 111
LINK BUDGET ANALYSIS OF GOODPUT USING CDRA SCHEME IN
DIFFERENT CHANNELS

TABLE V
LINK BUDGET ANALYSIS OF GOODPUT USING SINGLE-MODE LINK
ADAPTATION SCHEME IN DIFFERENT CHANNELS

[ Goodput [ d=2m [ d=5m [ d=10m [ d=25m | d=50m | [ Goodput | d=2m [ d=5m [ d=10m | d=25m | d=50m |
Rayleigh | 28.093 | 23.859 14.624 | 0.28464 | 2.7653 x 10—° Rayleigh 17.794 | 13.877 10.141 0.05253 | 1.0186 x 10— 1T
Rician 30.947 | 30.905 | 26.986 8.0188 1.0492 Rician 28.805 | 28.707 16.808 5.0784 0.98057
AWGN 31.027 | 30.524 | 21915 7.4811 2.9054 AWGN 28.887 | 26.627 13.993 2.7856 2.6712
TABLE IV

LINK BUDGET ANALYSIS OF GOODPUT USING MPDU-BASED LINK
ADAPTATION SCHEME IN DIFFERENT CHANNELS

[ Goodput | d=2m [ d=5m [ d=10m [ d=25m | d=50m |
Rayleigh | 28.382 | 25.182 14.853 | 0.28485 | 2.7653 x 10>
Rician 30.947 30.91 27.233 8.0809 1.2448
AWGN 31.027 | 30.471 22.273 8.2527 4.9395

with m=5. As the E}/Ny value increases, the simulation and
analysis results approach to the same values. For PER= 1071,
the F} /Ny values of analytical approximation and simulation
are almost the same.

From Figs. 2 to 4, we can see that in both Rayleigh and
Rician fading channels, the analysis and simulation of error
performances are very close for PER smaller than 1071
Thus we can ensure that the decision boundaries for the rate
adaptation scheme can be chosen from the proposed analytical
approximation method, i.e. according to (26) in [2], (5), (24)
in [2], and (13). Comparing Figs. 5, 6, and 7, we can find that
for large Ej,/Ny, the goodput performances of Rician fading
channels and AWGN channel are very close to 31 Mbps. On
the contrary, as Ej/Ny is small, the goodput performances
of both the rate adaptation schemes in the AWGN channel
is better than that in the Rician fading channel.From the
figures, we can conclude that our proposed CDRA scheme
performs closely to the “optimum” dynamic programming
link adaptation scheme, while it is simpler and easy to be
implemented. Moreover, we can observe that because of the
overhead of the time slots required for detection, training
symbol, etc., the MAC layer goodput performance is hard to
reach the predefined physical layer data rate. For example, the
goodput performance of E,/Ny equal to 29 dB never reach
the value of 54 Mbps even in the PHY mode 8.

B. Average Goodput Performance with Link Budget Analysis

Tables III, IV, and V show the goodput in Mbps for the
CDRA scheme, MPDU-based link adaptation scheme, and
single-mode link adaptation scheme, respectively. From these
three tables, we can see that if the distance between the trans-
mitter and receiver is short, the goodput performance of Rician
fading channel is close to AWGN channel. As the distance
increases, the goodput performance of Rician fading channel
decays faster than that in the AWGN channel. Comparing the
data in the three tables for different channels, we can find
that the proposed CDRA scheme is only slightly worse than
the dynamic programming approach. Hence, we can conclude
that the proposed CDRA scheme possesses the features of
computation efficiency and high goodput performance.
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Fig. 1. An N-state generalized Nakagami fading channel model.

VI. CONCLUSIONS

In this paper, we have developed a cross-layer analytical
model to calculate the MAC protocol efficiency of IEEE
802.11 WLAN under the Nakagami fading channel. Fur-
thermore, we have proposed an efficient channel-driven rate
adaptation (CDRA) scheme. In Section V, we show that the
CDRA scheme is simple and efficient, while achieving almost
the same performance as the optimum dynamic programming
link adaptation scheme. Because the Ej, /Ny decision boundary
is determined analytically, we can easily provide the Ej/Ng
regions for any channels without time-consuming simulation.
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