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Abstract

We present a mathematical framework for maximization ofjleiruser throughput in a wireless
channel using the symbol rate, the packet length, and thsteltation size of MQAM modulation as
optimization variables. The throughput is defined as thebmmof bits per second correctly received.
Trade-offs between the throughput and the communicatiogeare observed, and equations are derived
for the optimal choice of the design variables. These patenmere location dependent and can be
adapted dynamically in response to the mobility of a wirgldata terminal. We also look at the joint
optimization problem involving all the design parametergether. We find, however, that not all of the
three parameters need to be adapted simultaneously: ingheSINR region the maximum throughput
is obtained by adapting the packet length and the constellaize together, while in the low SNR
region it is achieved by adapting the symbol rate so that ¢loeived SNR per symbol stays at some
preferred value. We also characterize the optimal tripfeparameter values as functions of received

SNR in both AWGN and Rayleigh fading channels with some retstris on the design parameters.
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I. INTRODUCTION

Throughput, defined as the data ratecessfully received, is a key measure of quality of
service (QoS) for wireless data transmission systems. ufimout is affected by the channel
environment such as the distance between the transmitteth@nreceiver, the fading state of
the channel, and the noise and interference power chasditter It is also influenced by the
choice of design parameters, for example, symbol rate, fatdo and coding, constellation
size, power level, multiple access scheme, and many others.

Adaptive modulation has been proposed as an efficient tgoanio improve data rate of
such wireless systems by adapting some of those design etmanto the time-varying channel
environment to maintain an acceptable bit error rate (BERJ4]L] Most works in adaptive
modulation, however, have only aimed to improve the linkelaperformance. As application
requirements become more complex, there is a need to takewaaount higher layer metrics.
For instance, several works in the literature have develagp#aptive techniques that support
different types of traffic with different QoS requirement. [

In our work, we look at the throughput at the MAC layer wherel-¢mend delivery of the
packet should be guaranteed. In other words, we included$® due to the retransmission of
the packet in the performance metric of adaptive moduladiaah study how it affects the design
parameters. For example, at low symbol rates, most pack®is avithout error and an increase
in the symbol rate increases throughput. If the symbol rat®o high, however, packet error
probability increases and throughput is limited by frequetransmission. Thus, we expect that
an optimum symbol rate will give a moderate error rate andh higoughput. The same holds
for the selection of a packet length. If the packet lengthnml§ most packets arrive without
error but at the cost of large packet overheads. On the otlsd, la large packet is susceptible
to error which causes retransmission of the entire packes. choice of modulation level also
affects the throughput. Low bits per symbol means inefficiese of the channel far below its

capacity, while high bits per symbol may result in low packetcess rate (PSR). In this paper,
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we investigate the problem of throughput maximization bykiag at the effect of such design
parameters. Specifically, we focus our attention on singkr wireless systems using MQAM,
and derive the optimal selection of symbol rate, packettlengnd constellation size for each
packet as the channel gain varies.

Although we only treat uncoded MQAM in our work, the resulte also applicable to trellis
or turbo coded systems [3], because they simply providetiaddi gain in terms of transmitter
power level and do not change the mathematical framewotkwhiafollow hereafter. Interested
readers are also referred to [4], [6] for studies of adaptivelulation using outer block codes.

The rest of this paper is organized as follows. In Sectiomuk, system model is introduced.
In Section Ill, we derive an optimal adaptation of indivitlaesign parameters. In Section 1V,
we jointly optimize all the design parameters. This ressilthen extended to Rayleigh fading
channels, and also to the case when the design parameterssareted to take only discrete

values. Section V is a discussion of the results.

I[l. SYSTEM MODEL

Consider a communication link which consists of a transmitieeceiver, and a communica-
tion channel with bandwidthl’. The transmitter constructs packetsfbits and transmits the
packets in a continuous stream. To ensure that bits receivedor are detected, the transmitter
attaches &' bit CRC to each data packet, making the total packet ledgthC' = L bits. This
packet is then transmitted through the air and processelédseteiver. The CRC decoder at the
receiver is assumed to be able to detect all the errors inetbeived packet. (In practice some
errors are not detectable, but this probability is smallreasonable value af' and reasonable
SNRs.) Upon decoding the packet, the receiver sends an atdagwent, either positive (ACK)
or negative (NACK), back to the transmitter. For ease of aislyve assume this feedback
packet goes through a separate control channel, and aatveéee transmitter instantaneously
and without error. If the CRC decoder detects any error ancesssuNACK, the transmitter
uses a selective repeat protocol to resend the packet. datephe process until the packet is
successfully delivered.

A packet is transmitted symbol by symbol through the chgnmbere each MQAM symbol
hasb bits in it and is modulated using fixed power MQAM. Thus, eacltiet corresponds
to L/b = Ly MQAM symbols. For simplicity of analysis, we use a simpletpétss model
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for the channel with a power fall-off factar. No fading is present unless otherwise stated.
(We will consider Rayleigh fading in Subsection IV-A.) We as® additive white Gaussian
noise (AWGN) at the receiver front-end, and no interferemoenfother signals. The channel is
narrowband (flat fading), so the power spectra of both theived signal and the noise have no
frequency dependence, i.e., the channel is characterizedsingle path gain variable.

With the above simplifying assumptions, we define thm@ughput of a system as the number
of payload bits per second received correctly [5], [7]:

7= 2SR (0,7, 1) (1)

where b is the number of bits per MQAM symbolg, is the symbol ratef() is the packet
success rate (PSR) defined as the probability of receivingckepa&orrectly, andy, is the SNR

per symbol given by
P,

N,R,

where £, N,, and P, represent the energy per symbol, the one-sided noise pqvestral

Vs :ES/NOZ (2)

density, and the received power respectively. In a simpknohl model without fading, the
received power is given by a path loss relationshipPasx Pd®, where P is the transmitter
power andd is the distance between the transmitter and the receiver.

In Table I, we list numerical parameters that will be used he throughput calculation

throughout this paper.

[1l. OPTIMIZATION FRAMEWORK
A. Optimal symbol rate
To find the symbol rate?, that maximizes throughput, we differentiate (1) with regge R,

and set it to zero to obtain the following condition

s
For anyb and L, there is a uniquey that satisfies this equation. As shown in Figurey],

f(b, s, L) = s 3)

corresponds to the point where a ray from the origin is taht®eri(b, v,, L) in the (v,, f) plane
[8]. Therefore, for a given PSR characteristic, determibgdhe channel, modulation scheme,
packet length, etc., there exists a preferred SNR per symbpwhich is independent of the
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received power or the location of the receiver. Therefo2g,ifiplies that the optimal symbol

rate is

P
R =" 4
A @)

Since any symbol error in the packet results in a loss of tlekgiathe PSR is given in terms

of the symbol error raté’, by

F(b,7s, L) = [1 = Po(b, )" (5)

Using (3) and (5), we arrive at an equation for obtaining thefggred SNR value/::

OP.(b,7s) 1 — Pu(b,77)
e o (6)
8,}/8 Ys=73 L/b
The P, of MQAM in AWGN channels is (approximately) given by [9]
3
_ _ o—b/2
Pe(b7’78) _4<1 2 )Q ( 2b_1’78) (7)

The fact that there exists a preferred SNR value makes itssacg for the symbol rate to
be adapted to the distandebetween the transmitter and the receiver. This is well oleskm
Figure 2 where the throughpdt is plotted for different symbol rates. We see that the system
can support high symbol rates at small distances, but itughput rapidly decreases after a
certain distance at which point the system should switch lttwar symbol rate to maintain the
optimal throughput.

In practice, a variable symbol rate may not be a good choicéddding a system because
it requires hardware components with variable bandwidflesavoid such a problem, we may
use a fixed symbol rate @, = W and concentrate power in some fraction of the frame
Under an average power constraint, this gives the samerpafiwe as changing the symbol
rate. For example, by using a frame bf > L, symbols, and only using the transmitter during
L, symbol (i.e. packet length) periods in the frame with a tnaihgower (L;/L,)P, we have
vs = (LsP.)/(LsN,W), which is equal toy, of a system that uses a reduced symbol rate
R, = (Ls/Ly)W. Thus, these two schemes are (mathematically) equivalote that both
schemes have unused resources, in either frequency or leangng room for other users to
share the channel in a multiuser system. We will only use #r@able symbol rate scheme in

this work.
1A frame is a fixed block of time that encapsulates the packet and may avsoumused symbol durations.
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B. Optimal packet length

To find an analytic solution for the optimal packet lendth we assumé. to take continuous

values. Differentiating (1) with respect tb and using (5) produce
or ¢ C

6—L - ﬁbRsfa)? Vs L) + (1 - Z)Rsfa)? Vs L) 111(1 - Pe<b7 75)) (8)
Setting this to zero and solving the resulting quadraticagign, we have
c 1 4bC
* _ - 2
B0 = G+ 5 ©)

Thus, the optimal packet length* depends on the constellation si2g the SNR per symbol
vs, and the probability of symbol erraP,. Figure 3 showsL* as a function ofy, for QPSK
modulation. Note that in AWGN channels: grows rapidly asy, increase§ which can cause
problems in practice because larger packet size meansrldghey and more memory require-
ment. Fortunately, we observe in (1) that at high f(b,7s,L) ~ 1 and the throughput is
proportional tol — C'/L. Therefore, the throughput gain becomes negligible if wereasel
beyond a certain point. In Rayleigh fading channélsis much smaller and in fact asymptotically
proportional to,/7;. Figure 4 shows the throughput of systems with various pdekgths under
a fixed symbol rate and constellation size. We see that laag&ep size gives high throughput
at small distances, whereas small packet size gives a la@amunication range. Thus, by
adaptively changing the packet length, we can achieve bugheh throughput and a longer
communication range than using a fixed packet length.

However, this doesn’t necessarily mean that the packetHhestgpuld always be variable. For
example, if we adapt the symbol rate and the packet lengthlsineously, there is a single
L*(b,~?) that is optimal regardless of the location of the receivecause the symbol rate is
adapted first to maintaif, = +Z, eliminating the effect of any location change. In this case
degree of adaptation (i.e., symbol rate) would be enougihi®R2-D optimization problem [10].

We will visit this again in Section IV.

C. Optimal constellation size

Constellation size®, or the number of bits per symbé] is another degree of freedom that

can be adapted to variations in received power, to allow ipgakiore bits per symbol when the
2This is because in AWGN channel3 decays exponentially ag, increases.

August 27, 2003 DRAFT



channel gain is high. For ease of analysis wendorestrictb to integer values. By differentiating
(1) with respect td and setting it to zero, and using the relationship in (5), b&im an equation
for the optimal number of bits per MQAM symbét as:

aPe(b7'75) _ 1 _Pe<b*a7s)

ob - L (10)

Figure 5 shows the throughput of systems with various ctlasten sizes under fixed symbol

b=>b*

rate and packet length in AWGN channels. Higher level modaiat using MQAM mainly
increase the throughput at small distances, but have slmmtemunication ranges. By adapting
the constellation size, therefore, we can boost the thnowiggt small distances while maintaining

the same communication range.

V. JOINT OPTIMIZATION

The discussion in the previous section implies that thenmgitjoint adaptation of the parameter

triplet (b, v, L) is given by the following set of equations.

6Pe(b*7/78) 1_Pe(b*7’7*)

_r = 1157 11
Ms | L /b (11)
cC 1 4bC'

« _ 2 L e

=gt ZV R EE) (12)
OP.(b,~F) 1 — P.(b*, %)

Is) —_ - te\P> s/ 13

ob _— L* (13)

where the probability of symbol errdt, in an AWGN channel is given by (7). Then, the optimal
throughput is given by

L* - C P’/‘ L*/b*
T = b (1 — P.(b", 7} 14
I Nt 0 B0) (14)

Figure 6 shows the optimal throughput curve as well as sutaptones obtained by holding

one or more of the three design parameters constant. Alsensi®othe Shannon capacity of
the channel given by’ = Wlog,(1 + P./(N,V)) [11]. Note that the two suboptimal curves
coincide with the optimal one at small and large distanaspectively. This leads to an important
observation: at small distances the optimal throughpubtsined by adapting the constellation
size and the packet length simultaneously, whereas at ligjances it is obtained by only
adapting the symbol rate while maintaining the optimal pad&ngth. Essentially, there are two

regions of operation in terms of the adaptation of desigmaupaters:
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1) High SNR region: In the region where the channel gain i hige symbol rate cannot be
increased further due to the bandwidth limitatiGg < 1. In this case, the SNR per symbol
7s cannot be maintained constant at the optimal vajlfieThis gives room for packing more
bits per symbol into the MQAM modulation, and the correspogdptimal packet lengthl*
also grows as the channel gain increases. Thus, we use thenamxsymbol rate for a given
bandwidth and adapt the constellation size and the packgthesimultaneously.

2) Low SNR region: In the region where the channel gain is ke, main concern is how to
maintain the symbol error rate, low enough for the communication link to stay effective. Véhil
we cannot further reduce the constellation size below BPSKcan reduce the symbol rate to
bring the SNR per symboj, back to the optimal valug?. Since~, is maintained constant in
this region, so is the optimal packet length(b,vZ). Thus, in this region we adapt only the
symbol rate using BPSK modulation.

It is worthwhile to mention that reducing the symbol rate tfog equivalent scheme explained
in Section IlI-A) is not the only way of overcoming the low SNRchemes such as spread
spectrum modulation or error correction coding could bedusstead. Specifically, [6] uses
forward error correction (FEC) to show that using adaptiveCKftves higher throughput than
changing the symbol rate. The common idea in all of theseatrans, however, is to transmit
the packet over an extended period of time to increase theeper information bit.

Secondly, it is observed from Figure 6 that by optimally dtepthe parameters we obtain
a near constant gap of about 8 dB from the Shannon capacitydiegs of the distance or the
received SNR. (The same gap has previously been observee ihigh SNR region by only
adapting the constellation size [5], but the gap would iaseeif the choice of the packet length

were far from optimum.) This gap could be reduced by use diigreoded modulation.

A. Fast Rayleigh fading channels

In non-fading or slowly fading channels where the fade dorais longer than a packet period,
the system throughput and its optimization are given by-(14) and (7) at each fading state.
However, in fast fading channels where the channel gain ggmnvithin a symbol period, or
in fading channels with interleaving, we need to use avesger probabilities instead of (7),

and the PSR in (5) also needs to be modified accordingly. Int &8&8sgleigh fading channel, the
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average probability of symbol errd?. is (approximately) given by [12]

S o2 3%
Po(b,7:) =2 (1-27"?) (1 _ \/2(2b i 3%) (15)

and the PSR becomes

]L/b

g(b7 ’YSa L) = [1 - pe(ba ’775) (16)

The rest of the analysis is the same as that in AWGN channefsywitP., and f() replaced by
their averaged quantitieg, P., andg(), respectively. Figure 7 shows the optimal and suboptimal
throughput curves in Rayleigh fading channels. The throughpRayleigh fading is lower than
that in AWGN channels as expected, but the general optimizdtamework does not change;
one of the two suboptimal policies becomes optimal in highoar SNR regions. In Rayleigh
fading channelsy? is higher, R is slower, b* is smaller, andL* is shorter than in AWGN

channels.

B. Constellation size and packet length restrictions

We now restrict ourselves to square MQAM constellations rofirdeger number of bits per
symbol,b = 1,2,4,6,---, and packet lengths of integer multiples of the number of pier
symbol, L = b,2b,3b,---. For BPSK ¢ = 1), we useP,(1,v,) = Q(v/27,) and P.(1,7,) =
0.5(1 — \/7s/(1 4+ 5) [9], and forb > 2, we use (7) and (15). Through exhaustive search over
b and L, we obtain Figures 8 and 9. These figures fully characteheeoptimal selection of
parameter triplet$b, v, L) as functions of received SNR./(N,WW). It is seen that the low and
high SNR regions are not clearly divided, i.e., there anediteonal regions@— 164 B in Figure 8
and8 — 12dB in Figure 9) where the optimal adaptation is to ése 2 and R, < W. This is
mainly because we cannot continuously adgginceb can take only discrete valuds;> b* for
some SNRs, in which cade, may need to be reduced to achieve the SNR per symbol reqoired t
support the excessive constellation size. The restristresult in some throughput loss as well;
it is found that the loss is less than 28% and 19% in AWGN and Rglyl&ading channels,
respectively. Although the results in this subsection aulg specific to our system model, similar
analysis could be performed for practical systems to tabulaeir optimal parameters, which

then could be used for the design of adaptive transceivers.
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V. CONCLUSION

We have investigated the effect of the symbol rate, the gaekgth, and the constellation
size on the throughput in single user wireless systems. We #arived the optimal values that
maximize the throughput for each of those design paramefbesoptimal values depend on the
received signal strength and thus should be adapted pyoj¥sl have then shown how they can
be jointly optimized to achieve a maximum throughput. Athi§NR, the maximum throughput
is attained by adapting the packet length and the constellaize simultaneously while using
the maximum symbol rate. At low SNR, the throughput is maxediby adapting the symbol
rate while using the smallest constellation size and sonesl fpacket length. Finally, we have
characterized the optimal adaptation of the parameterdM&GN and Rayleigh fading channels
under restrictions on the values that the parameters can tak

The theory and results in this paper apply to single useresyst Typical multiuser systems
are interference-limited and should be dealt with diffélseriFor example, schemes that enable
orthogonal channel sharing among users through frequeaciable symbol rate), time (variable
frame length with fixed symbol rate), or code division (sprspectrum modulation) may have

an advantage over the other schemes (variable packet langtbr adaptive FEC).
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TABLE |

NUMERICAL PARAMETERS

Notation Meaning Value
w Bandwidth 1 MHz
P Transmitter power 1w
N, One-sided noise PSD | 107'° W/Hz
e Path loss exponent -4
C CRC length 16 bits
b Number of bits per symbo <10
R, Symbol rate < 1 Msps
L Packet length < 512 bits
1
0.9- 8
0.8F 8
07F 1
0.6 1
Zost 8
0.4F 1
0.3F 1
0.2F 8
0.1f : 8
e
0 2 4 6 8 10 12 14 16 18

SNR per symbol

Fig. 1. Determiningy’
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