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Abstract. In this pap er, a simple and e�cien t stop-and-w ait (SW) automatic

rep eat-request (AR Q) sc heme with adaptiv e error con trol is in v estigated. In this

sc heme, the c hannel state information (CSI) is extracted b y monitoring the con tigu-

ous p ositiv e ac kno wledgmen t (A CK) or negativ e ac kno wledgmen t (NAK) messages.

Exploiting this CSI, w e adapt the co ding strategy to the c hanges in the c hannel

condition, and th us impro v e the throughput e�ciency . In order to facilitate the

throughput analysis and parameters optimization, w e mo del the adaptiv e system b y

a Mark o v c hain. Using this analytical mo del and assuming a static c hannel, an exact

throughput expression for the adaptiv e AR Q proto col is deriv ed and sub optimal

adaptiv e system parameters are obtained. These design parameters are applied for

the adaptiv e system in a t ypical time-v arying mobile radio c hannel c haracterized

b y Ra yleigh m ultipath fading on top of lognormal shado wing. The throughput

p erformance of the prop osed adaptiv e SW-AR Q sc heme in suc h a time-v arying

fading c hannel is ev aluated b y computer sim ulation. F or slo w fading c hannels, the

prop osed adaptiv e system can trac k the c hannel v ariations v ery w ell, hence m uc h

throughput impro v emen t can b e ac hiev ed o v er con v en tional nonadaptiv e SW-AR Q

sc hemes for almost all SNR v alues considered. The sim ulation results also con�rm

the applicabilit y of the adaptiv e system parameters so-obtained b y the throughput

analysis in static c hannel, to a time-v arying mobile radio c hannel.

Keyw ords: adaptiv e error con trol, automatic rep eat request, c hannel state estima-

tion, time-v arying mobile radio c hannels

1. In tro duction

F or comm unications services where v ery high system p erformance is

of primary requiremen t and dela y is not a ma jor concern, AR Q and

h ybrid AR Q error con trol strategies are usually incorp orated in system

design to ac hiev e the high system reliabilit y . Ho w ev er, the inheren t

disadv an tage of these sc hemes is that its throughput declines rapidly

�
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as c hannel error rate increases. In mobile wireless comm unications,

radio c hannels induce a time-v arying resp onse with burst y errors due to

m ultipath fading and shado wing e�ects. During the fades the c hannel

b ecomes to o noisy and at the other times it w ell-b eha v es. F or suc h a

time-v arying c hannel, it is clear that the use of a single error con trol

strategy will not yield the optimal throughput. Therefore, in order to

pro vide a reliable pac k et data transmission, the use of di�eren t error

con trol strategies for di�eren t c hannel conditions are highly desired,

since it can pro vide high throughput under a wide range of error rate

conditions.

Recen tly , there has b een considerable in terest in adaptiv e AR Q

sc heme [2 ]-[6 ]. The basic idea is b y dynamically c hanging the proto-

col op eration mo de according to c hannel state information, the higher

throughput is realized o v er a wide range of c hannel conditions. F or

real-time implemen tation, the c hannel state information needs to b e

estimated reliably and e�ectiv ely . That means in order to trac k c hannel

v ariations closely , reliable estimation of the c hannel state information

should b e carried out within short enough in terv als (whic h ma y in v olv e

accurate estimation of the signal strength via signal p o w er measure-

men t or with pilot tone transmission, and in turn giv e rise to high

implemen tation complexit y).

Sev eral indirect metho ds ha v e b een prop osed in order to address this

issue [2 ]-[6 ]. Since the frequency of the retransmission requests pro vide a

natural source of CSI, no additional circuitry is required for estimating

the c hannel state condition. In most of the indirect metho ds, the c han-

nel is monitored t ypically b y coun ting the n um b er of retransmissions

during a �xed observ ation in terv al and comparing that n um b er with

a set of threshold to determine the c hannel condition. Ho w ev er, the

�xed sample size metho d usually requires a large observ ation in terv al

to obtain a reliable CSI decision. This will cause the dela y in reacting to

a c hange in the c hannel and th us result in a reduction in the e�ciency

of the system.

In [4 ], a simple c hannel state estimator (CSE) based on the coun t of

con tiguous A CKs and/or NAKs messages is prop osed. This metho d can

b e treated as a v ariable observ ation in terv al metho d with w eigh ted suc-

cess or error ev en ts. This ensures that the in
uence of the most recen t

errors is the largest. In the p erformance analysis of [4 ], the adaptiv e

GBN-AR Q sc heme w as mo deled using a simple t w o-state Mark o v c hain.

Ho w ev er, this represen tation b ecomes v oid if the design v ariables (see

Figures 1 and 2) are selected to b e larger than unit y b ecause no w the

presen t state probabilities will b e dep enden t on a sp eci�ed n um b er of

previous state v alues. In this pap er, w e re�ne the analytical mo del in [4 ]

and deriv e an exact expression for the throughput e�ciency . By using
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the prop osed metho d, w e will in v estigate the p erformance of an e�cien t

and simple SW-AR Q proto col with adaptiv e error con trol strategies.

In our system, the v ariable observ ation in terv al metho d with w eigh ted

success or error ev en ts is emplo y ed for c hannel state estimation.

The pap er is organized as follo ws. Section 2 details the op eration of

the prop osed mixed-mo de SW-AR Q proto col. In Section 3, an accurate

throughput e�ciency expression for the adaptiv e SW-AR Q sc heme is

deriv ed for a stationary c hannel. Subsequen tly , the optimal design of

the adaptiv e system is discussed in Section 4 and the computational

results of the sub optimal design parameters are discussed in Section 5.

Then the throughput p erformance of the prop osed sc heme in a time-

v arying mobile radio c hannel is in v estigated b y computer sim ulation in

Section 6. Finally , the conclusions are dra wn in Section 7.

2. System Description

F or the sak e of illustration, let us consider a stop-and-w ait AR Q sc heme

whic h can op erate in one of its three op eration mo des, namely mo de L,

mo de M and mo de H. The di�erence of the three op eration mo des is

that di�eren t error con trol strategies are used. The decision regarding

the transitions b et w een di�eren t op eration mo des is made based on

the receiv ed ac kno wledgmen t messages as illustrated in Figure 1. The

system assumes that the c hannel is transiting from the lo w error rate

to the medium error rate condition up on receiving � con tiguous NAKs

while in mo de L, and consequen tly will c hange its op eration mo de to

mo de M. Lik ewise, if the system whic h is op erating in mo de M receiv es


 con tiguous NAKs, then the system w ould consider that the c hannel

is further deteriorated to the high c hannel error rate condition, and

corresp ondingly a switc hing to mo de H will b e executed. On other

hand, if the system receiv es � con tiguous A CKs at op eration mo de M,

the system will switc h bac k to mo de L. When the system is op erating

in mo de H, an op eration switc h to mo de M will b e executed only when

� con tiguous A CKs ha v e b een receiv ed, since in this case the system

w ould consider that the c hannel condition is getting b etter.

Clearly , w e can c haracterize the adaptiv e mixed-mo de AR Q system

b y an ( � + � + 
 � 1 + � )-state Mark o v c hain as sho wn in Figure 2.

The state space of the Mark o v c hain can b e partitioned in to three

groups of � , � + 
 � 1 and � states whic h corresp ond to the three

di�eren t op eration mo des resp ectiv ely . Based on this Mark o v c hain

represen tation, w e will analyze the throughput e�ciency of the adaptiv e

system in the follo wing section.
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Figur e 1. System description of an adaptiv e SW-AR Q proto col with sliding

observ ation in terv al and three op eration mo des.

3. Throughput Analysis

The p erformance of an AR Q sc heme is generally measured in terms of

its throughput e�ciency and its dela y c haracteristics. In this section,

w e fo cus on the throughput e�ciency , whic h is de�ned as the ratio of

the n um b er of information bits deliv ered to the total n um b er of bits

that transmitter could ha v e transmitted. F or simplicit y , w e made the

follo wing assumptions in the ev aluation of the throughput.

1). All ac kno wledgmen t messages (A CK/NAK) are receiv ed error-free

at the transmitter, i.e., the feedbac k c hannel of the system is noiseless;

2). T ransmission errors in consecutiv e pac k ets o ccur indep enden tly .

W e conduct our study of the AR Q sc heme in tro duced in the previous

sections under assumption of a stationary c hannel. The analytical re-

sults can pro vide fundamen tal insigh ts in to ho w the system parameters

in teract and determine the p erformance, and also enable us to design

the system for time-v arying c hannels.

3.1. Stead y-st a te Pr obabilities

When w e assume the c hannel is stationary , the transition probabilities

in Figure 2 do not v ary with the time. Th us, the Mark o v c hain is sta-

tionary and the steady-state probabilities exist. Since these steady-state

wpcARQ.tex; 5/01/2001; 14:43; p.4



An E�cien t AR Q Proto col for Adaptiv e Error Con trol o v er Time-V arying Channels 5

probabilities are required to estimate the throughput of the in v estigated

adaptiv e AR Q system, w e will deriv e them in the follo wing.

F rom Figure 2, it is straigh tforw ard to construct the ( � + � + 
 �

1 + � )-state transition matrix. Th us, the steady-state probabilities m ust

satisfy the follo wing equations.
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where P

1 e

, P

2 e

and P

3 e

denote the message pac k et error probabilities

of op eration mo des L, M and H, resp ectiv ely . After some mathematical

manipulations, w e can obtain the steady-state probabilities as follo ws.

P

L

i

= C P

i � 1

1 e

P

2 e

(1 � P

2 e

)

� � 1

(1 � P




2 e

)(1 � P

3 e

)

�

; i = 1 ; 2 ; : : : ; � ;

P

M

1

= C P

�

1 e

[ P




2 e

� P




2 e

(1 � P

2 e

)

� � 1

+ P

2 e

(1 � P

2 e

)

� � 1

](1 � P

3 e

)

�

;

P

M

i

= C P

�

1 e

P

2 e

(1 � P

2 e

)

i � 2

(1 � P




2 e

)(1 � P

3 e

)

�

; i = 2 ; 3 ; : : : ; � ;

P

m

i

= C P

�

1 e

P

i � 1

2 e

(1 � (1 � P

2 e

)

�

)(1 � P

3 e

)

�

; i = 2 ; 3 ; : : : ; 
 ;

P

H

i

= C P

�

1 e

P




2 e

(1 � (1 � P

2 e

)

�

)(1 � P

3 e

)

i � 1

; i = 1 ; 2 ; : : : ; �:

(2)

where C is a constan t.

3.2. Thr oughput Estima tion

In SW-AR Q sc hemes, the transmitter sends out a pac k et and w aits

for an ac kno wledgmen t. Once the receiv er has pro cessed the pac k et, it

resp onds b y sending a p ositiv e ac kno wledgmen t (A CK) if the pac k et

can b e successfully deco ded, otherwise, it sends a retransmission re-

quest. Therefore, a new pac k et will b e transmitted only after a p ositiv e

ac kno wledgmen t for the previous pac k et has b een receiv ed. This means

that, in the Mark o v c hain represen tation as sho wn in Figure 2, the �rst
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Figur e 2. Mark o v c hain represen tation for the prop osed adaptiv e SW-AR Q proto col.

transmission of a new pac k et can only start from the states whic h can

b e reac hed in one-step with a A CK, i.e., states L

1

, M

i

, i = 1 ; 2 ; : : : ; � ,

H

j

, j = 2 ; 3 ; : : : ; � . F or con v enience of presen tation, w e de�ne a state

v ariable X , whic h denotes a state where a new pac k et is orien ted. W e

denote f as the n um b er of transmissions (including the original trans-

mission and retransmissions) required for a successful pac k et. Then,

for a pac k et orien ted from state X to b e successfully accepted b y the

receiv er, the a v erage n um b er of bits that the transmitter could ha v e

transmitted can b e calculated as follo ws.

a). When the pac k et is orien ted from state L

1

, it can b e seen from

Figure 2 that if the n um b er of (re)transmissions is less than � , all the

transmissions are sen t in mo de L. Ho w ev er, after more than � and

less than � + 
 consecutiv e failures in transmission attempts for that

pac k et, the transmitter will op erate in mo de M during the follo wing

p ossible retransmissions. When the n um b er of transmission failures for

the pac k et is larger than � + 
 , the transmitter will �nally op erate in

mo de H. Therefore, the conditional probabilit y of P ( f = k j X = L

1

)

can b e calculated as

P ( f = k j X = L

1

) =

8

>

>

>

<

>

>

>

:

P

k � 1

1 e
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1 e
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P
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3 e
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3 e

); k > � + 


P

�

1 e

P

k � � � 1

2 e

(1 � P

2 e

); other s

(3)

Consequen tly , the a v erage n um b er of bits that the transmitter could

ha v e transmitted for the pac k et to b e successfully receiv ed and ac kno wl-

wpcARQ.tex; 5/01/2001; 14:43; p.6



An E�cien t AR Q Proto col for Adaptiv e Error Con trol o v er Time-V arying Channels 7

edged is
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(4)

where n

1

, n

2

and n

3

are the n um b ers of bits in a pac k et transmitted

in mo de L, mo de M and mo de H resp ectiv ely , � is the idle time from

the end of transmission of one pac k et to the b eginning of transmission

of the next, and R is the transmission rate in bits p er second.

b). When the pac k et is orien ted from state M

i

, i = 1 ; 2 ; : : : ; � , the �rst


 transmissions, if necessary , are in mo de M. Ho w ev er, if the n um b er of

retransmissions is larger than 
 , then all p ossible retransmissions after


 retransmissions will b e in mo de H. Similar to the case of X = L

1

, w e

ha v e
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and the a v erage n um b er of bits that the transmitter could ha v e trans-

mitted is
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c). When the pac k et is orien ted from state H

i

, i = 2 ; : : : ; � , all the

(re)transmissions will b e op erated in mo de H. Therefore, w e simply

ha v e

T

H

i

=

n

3

+ R �

1 � P

3 e

(7)

It is useful to de�ne a new parameter p

X

, whic h dictates the condi-

tional probabilit y that when there is a new pac k et to b e transmitted,
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the pac k et is transmitted at state X . F rom the steady-state probabili-

ties of the adaptiv e system, w e can obtain the probabilit y that there is

a new pac k et to b e transmitted as

P

new

= P
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1

+ P

M

1 H

+

�

X

i =2

P
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i

+

�

X

j =2
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(8)

where P
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= P
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2 e
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. Then the conditional probabilit y p

X

can b e

calculated as
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=
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; (9)

where X = L

1
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1 H

, M

i

, ( i = 2 ; : : : ; � ) or H

j

, ( j = 2 ; 3 ; : : : ; � ).

Therefore, the a v erage n um b er of bits required for a pac k et of K

information bits to b e successfully receiv ed and ac kno wledged is

�
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and the throughput e�ciency of this adaptiv e sc heme can b e obtained

b y

� =

K

�

T

: (11)

4. Throughput Optimization

As illustrated in Section 3, the throughput e�ciency of the adaptiv e

system dep ends on the parameters ( �; � ; 
 ; � ). Th us, it requires a care-

ful selection of these parameters to optimize the system p erformance.

In the follo wing, w e discuss the optimal design of the in v estigated adap-

tiv e system in terms of throughput e�ciency . First, w e start with an

in v estigation on some prop erties of the system.

Pr op osition I : Upp er b ound of the throughput e�ciency

The throughput e�ciency of the adaptiv e mixed-mo de AR Q system

is upp er b ounded b y �

�

, whic h is de�ned as

�

�

=

8

>

>

>

<

>

>

>

:

�
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S
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�

H

P

(2)

co

< P

S

< 1

(12)

where P

(1)

co

is the throughput crosso v er probabilit y of the systems op-

erating in single mo de L and mo de M, P

(2)

co

is the throughput crosso v er
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probabilit y of the systems op erating in single mo de M and mo de H,

and P

S

is the sym b ol error probabilit y .

F rom Pr op osition I , it can b e seen that the throughput p erformance

of the prop osed adaptiv e system can b e upp er b ounded b y one of its

op eration mo des in di�eren t ranges of sym b ol error probabilit y . F ur-

thermore, w e can obtain the asymptotic prop erties of the system as

follo ws.

Pr op osition II : The asymptotic prop erties of the throughput e�ciency

1). If lim

�; � !1

�

� � 1

>

ln(1 � P

2 e

)

ln( P

1 e

)

and lim


 ; � !1


 � 1

� � 1

>

ln(1 � P

3 e

)

ln ( P

2 e

)

;

then lim

�; � ; 
 ; � !1

� = �

L

; (13)

2). If lim

�; � !1

�

� � 1

<

ln(1 � P

2 e

)

ln( P

1 e

)

and lim


 ; � !1


 � 1

� � 1

<

ln(1 � P

3 e

)

ln ( P

2 e

)

;

then lim

�; � ; 
 ; � !1

� = �

H

; (14)

3). If lim

�; � !1

�

� � 1

<

ln(1 � P

2 e

)

ln( P

1 e

)

and lim


 ; � !1


 � 1

� � 1

>

ln(1 � P

3 e

)

ln ( P

2 e

)

;

then lim

�; � ; 
 ; � !1

� = �

M

; (15)

By c ho osing set of ( �; � ; 
 ; � ) to satisfy that

�

� � 1

=

ln(1 � P

2 e

( P

(1)

co

))

ln P

1 e

( P

(1)

co

)

;

and


 � 1

� � 1

=

ln(1 � P

3 e

( P

(2)

co

))

ln P

2 e

( P

(2)

co

)

; (16)

it can b e easily v eri�ed that the conditions in 1), 2) and 3) will b e

satis�ed when the sym b ol error probabilit y P

S

tak es v alue from the

in terv als (0 ; P

(1)

co

), ( P

(1)

co

; P

(2)

co

) and ( P

(2)

co

; 1), resp ectiv ely . Therefore,

Pr op osition II sho ws that the throughput of the prop osed system has

an optim um in � � � � 
 � � space, whic h is the upp er limit �

�

imp osed

b y Pr op osition I . It also implies that the optim um ( �

�

; �

�

; 


�

; �

�

) lies

in the in�nite space. Ho w ev er, in practical applications, w e ma y prefer

to smaller � , � , 
 and � since this will reduce the dela y in reacting to a

c hange in the c hannel and th us impro v e the adaptabilit y of the system.

Using Pr op osition I and II , w e can no w form ulate an ob jectiv e

function to determine the sub optimal design parameters suc h that the
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throughput of the adaptiv e AR Q sc heme, � b est appro ximates �

�

in

the sense that the mean square error (MSE) is minimized, i.e.,

E ( �; � ; 
 ; � ) =

Z

1

0

w [ � ( P

S

) � �

�

( P

S

)]

2

dP

S

= �

L

X

k =1

w

k

[ � ( P

( k )

S

) � �

�

( P

( k )

S

)]

2

sub ject to: d

min

< ( �; � ; 
 ; � ) < d

max

(17)

where L and P

( k )

S

denote the sample size and sym b ol error probabilit y

of the k th sample, resp ectiv ely . w

k

is a pre-de�ned w eigh t sequence

that pro vides additional 
exibilit y in matc hing di�eren t data p oin ts

with v arying accuracy , and the optimization v ariables can assume an y

v alues from set Z , whic h consists of p ositiv e in tegers.

Discrete determination of the MSE E ( �; � ; 
 ; � ) is v alid if the step

size � b et w een the consecutiv e data p oin ts is selected to b e relativ ely

small. In addition, the b oundary constrain ts to the design parameters

(whic h will b e sp eci�ed b y the c hannel b eha vior) are in tro duced to

ac hiev e a go o d compromise b et w een the abilit y to react to c hannel


uctuation rate (in a time-v arying c hannel) and the switc hing reliabilit y

criterion (i.e., the MSE v alue). In the minimization problem Equa-

tion 17, the b oundary constrain ts can b e eliminated via transformation

y = tanh( z ) or alternativ ely y = 2 arctan ( z ) =� .

5. Computational Results and Remarks

In this subsection, w e presen t a few examples to illustrate the system

design and the parameter optimization for the CSE algorithm. In our

examples, w e assume that one data pac k et con tains only one co dew ord.

All the co des of di�erern t mo des con tain the same length of information

bits. In mo de L, whic h corresp onds to lo w error rate mo de, only CR C

is used for error detection. Besides CR C, in mo de H and M, whic h

corresp ond to high error rate mo de and mo derate error rate mo de, a

Reed-Solomon co de RS(31,15) and a punctured RS co de (21,15) are

used for error correction resp ectiv ely . The round-trip dela y of 2 RS

sym b ol in terv als is assumed. In throughput ev aluation, p erfect error

detection of CR C is assumed and the CR C parit y bits are not included

in throughput calculation.

T able I depicts the sub optimal design parameters (obtained via

quasi-New on metho d) and their corresp onding switc hing reliabilit y cri-

terion for the prop osed adaptiv e SW-AR Q system. The w eigh t sequence

w

k

in Equation 17 can b e de�ned according to the fading c hannel
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T able I. Sub optimal Design P arameters( d

min

= 1)

d

max

( �; � ; 
 ; � ) MSE

5 (1,5,2,5) 4 : 20 � 10

� 4

10 (2,10,3,10) 1 : 75 � 10

� 4

15 (2,15,3,15) 1 : 10 � 10

� 4

20 (2,20,3,20) 9 : 55 � 10

� 5

25 (2,21,3,25) 9 : 50 � 10

� 5

30 (3,30,4,30) 7 : 40 � 10

� 5
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Figur e 3. P erformance comparison of the prop osed adaptiv e AR Q system with

di�eren t sets of design parameters ( �; � ; 
 ; � )
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Figur e 4. Throughput v ersus sym b ol error probabilit y . Adaptiv e AR Q parameters:

( � = 1 ; � = 5 ; 
 = 2 ; � = 5)

statistics and SNR op eration p oin t of the system. Ho w ev er, in order to

observ e the generalit y and robustness of the adaptiv e system param-

eters, no sp eci�c w eigh t sequence is applied in our optimization, i.e.,

w

k

= 1 for all k . In other w ords, no c hannel statistics and no particular

SNR op eration p oin t of the system are assumed in our optimization.

F rom this table, w e found that for the sub optimal p oin ts, the parame-

ters � and � are alw a ys m uc h larger than � and 
 as predicted b y our

Prop osition I I in Section 4. It is also seen that the MSE decreases as

the ratio of sub optimal design v ariables � =� or �=
 increases.

Figure 3 illustrates the throughput p erformance of a mixed-mo de

SW-AR Q sc heme for three di�eren t sets of sub optimal design parame-

ters. It is clear that the adaptiv e sc heme yields m uc h higher throughput

than other comparable nonadaptiv e AR Q sc hemes o v er a wide range

of error rates. Moreo v er, it is seen that with the design parameters

( �; � ; 
 ; � )=(2,20,3,20), whic h has the largest ratios of � =� and �=


among the three sets, its actual throughput e�ciency is the closest

to the desired p erformance curv e among the three sets, as discussed

previously . This trend holds for stationary c hannels, but in practical
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applications in time-v arying c hannels, w e ma y prefer to smaller � , � ,


 and � since this will reduce the dela y in reacting to a c hange in the

c hannel and th us impro v e the adaptabilit y of the system.

The throughput of adaptiv e AR Q sc heme is con v en tionally calcu-

lated as a simple a v erage of the throughput v alues of eac h distinct

op eration mo des, namely , � =

P

P

i

�

i

. Ho w ev er, it should b e noted that

this con v en tional throughput calculation is not exact. F or the adaptiv e

system in v estigated in this pap er, comparisons b et w een throughput

p erformance obtained b y the con v en tional approac h and that dev el-

op ed in this pap er are sho wn in Figure 4 for an adaptiv e SW-AR Q

sc heme with ( �; � ; 
 ; � ) = (1 ; 5 ; 2 ; 5). W e found that the curv e ob-

tained b y Equation 11 is in go o d agreemen t with the throughput v alues

obtained b y computer sim ulations whereas that of the con v en tional

approac h sho ws some small discrep ency against sim ulation results. This

observ ation v alidates the accuracy of our analytical mo del.

6. Sim ulation of the Adaptiv e AR Q sc heme o v er

time-v arying c hannels

In previous section, the throughput p erformance of adaptiv e AR Q

sc heme is analysed assuming a static c hannel case. Ho w ev er, a practical

mobile radio c hannel is a time-v arying en vironmen t and consequen tly

the adaptiv e system b ecomes a nonstationary Mark o v pro cess. F ur-

thermore, transmission errors in consecutiv e pac k ets no longer o ccur

indep enden tly due to the time-correlation c haracteristics of the mobile

radio c hannel. Th us, an exact throughput analysis of an adaptiv e AR Q

sc heme in a time-v arying mobile radio c hannel b ecomes in tractable.

Hence, sim ulation approac h is adopted here to ev aluate the adaptiv e

AR Q sc heme p erformance in a t ypical mobil radio c hannel. P articularly ,

the sub optimal CSE design parameters obtained for stationary c hannel

will b e used for time-v arying c hannel and the applicabilit y of these

parameters in a practical time-v arying c hannel will b e in v estigated.

6.1. Channel Model

Mobile radio c hannel is t ypically c haracterized b y m ultipath fading

and shado wing. In our sim ulation, m ultipath fading is mo deled with

Ra yleigh distribution. Doppler spread induced b y the motion of a mo-

bile terminal, whic h corresp onds to the time correlation of the fading

gain samples, is also included. Jak e's Doppler sp ectrum is assumed and

the correlated Ra yleigh fading gain samples are generated b y using the

metho d of [7]. The shado wing e�ect whic h causes slo w er v ariation of the

wpcARQ.tex; 5/01/2001; 14:43; p.13
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Figur e 5. Short-term throughput of the adaptiv e and nonadaptiv e AR Q sc hemes for

mobile sp eed of 50 km/hr and long term SNR of 5 dB

short term median strength of the receiv ed signal is usually mo deled

with lognormal distribution, i.e., the short term median strength 
 ( t )

of the receiv ed signal can b e expressed as


 ( t ) = 10

� � ( t ) = 10

; (18)

where � ( t ) is a time-correlated Gaussian random v ariable. In our sim-

ulation, the metho d of [8 ] is used for lognormal shado wing where the

lognormal shado wing is mo deled as a Gaussian white noise pro cess

whic h is �ltered with �rst order lo wpass �lter. With this mo del,

�

k +1

= " � �

k

+ (1 � " ) � �

k

; (19)

where �

k

is a zero mean white Gaussian random v ariable with v ari-

ance 


�

, " is a parameter that con trols the spatial correlation of the

shado wing and giv en b y

" = "

v T

s

=d

D

: (20)
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Figur e 6. Short-term throughput of the adaptiv e and nonadaptiv e AR Q sc hemes for

mobile sp eed of 10 km/hr and long term SNR of 5 dB

The parameter "

D

is the correlation b et w een t w o p oin ts separated

b y a spatial distance of D, v is the v elo cit y of the mobile terminal, T

s

is

the sampling p erio d. F or t ypical suburban propagation at 900 MHz, it

has b een suggested in [8 ] that 


�

� 7 : 5 dB with a correlation "

D

� 0 : 82

and D = 100.

6.2. Simula tion Resul ts and Discussions

In this subsection, the sim ulation results of the throughput p erfor-

mances of the prop osed adaptiv e AR Q sc heme and non-adaptiv e AR Q

sc hemes in a t ypical time-v arying mobile radio c hannel for di�eren t

mobile sp eeds are presen ted. The system parameters used in Section 5

are also applied in the sim ulation and BPSK mo dulation with coheren t

detection is considered. The adaptiv e AR Q parameters of ( �; � ; 
 ; � ) =

(1 ; 5 ; 2 ; 5) is used in our sim ulation. The carrier frequency of 900 MHz

and data rate of 14.4 kbps are assumed.
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Figur e 7. Short-term throughput of the adaptiv e and nonadaptiv e AR Q sc hemes for

mobile sp eed of 1 km/hr and long term SNR of 5 dB

Figures 5, 6 and 7 sho w, as a function of time, short-term a v erage

throughput of the prop osed adaptiv e SW-AR Q sc heme and con v en-

tional SW-AR Q sc hemes applying the co des used in adaptiv e sc heme for

the mobile sp eeds of 50 km/hr, 10 km/hr and 1 km/hr resp ectiv ely . The

short-term throughput is obtained b y a v eraging o v er ev ery 0.1 second

in terv al. F rom the �gures, it is observ ed that for v ery slo w fading case

of v = 1km/hr, the short-term throughput is mainly determined b y

the m ultipath fading e�ect. On the other hand, for faster fading cases

of v=10 km/hr and 50 km/hr, the e�ects of shado wing on throughput

p erformance b ecome prominen t. Regarding the trac king capabilit y to

c hannel conditions, it is observ ed that the adaptiv e system can trac k the

c hannel v ariations quite w ell for all fading rates considered, esp ecially

for slo w er fading cases. As exp ected, it can adapt to m ultipath fading

more closely for v ery slo w fading case than faster fading cases. The

trac king trends for faster fading cases cannot follo w m ultipath fading

quite closely but they follo w the shado wing e�ect.
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Figur e 8. Throughput of the adaptiv e and nonadaptiv e AR Q sc hemes for mobile

sp eed of 50 km/hr

In Figures 8, 9 and 10, the throughput p erformance of the prop osed

adaptiv e SW-AR Q sc heme and con v en tional SW-AR Q sc hemes whic h

use the co des applied in adaptiv e system are sho wn as a function of long

term SNR v alues for the mobile sp eeds of v = 50 km/hr, 10 km/hr and

1 km/hr resp ectiv ely . First of all, the throughput p erformances of AR Q

sc hemes for faster fading rates are observ ed to b e smaller than those for

slo w er fading rates. It is exp ected since faster fading causes more ran-

dom c hannel errors and hence more retransmission and less throughput.

The greater throughput p erformance impro v emen t of adaptiv e system

is observ ed for slo w er fading case. As discussed previously , the adaptiv e

system can trac k m ultipath fading more closely for slo w er fading rate

case and hence, this brings ab out the greater impro v emen t. F or the

cases with mobile sp eeds of 10 km/hr and 1 km/hr, the adaptiv e system

throughput is considerably higher than an y of the con v en tional SW-

AR Q sc hemes for almost all SNR v alues considered. The exceptions

are at the v ery high SNR v alue of 30 dB and the v ery lo w SNR v alue of

0 dB. F or v ery high SNR v alue, all the pac k ets are receiv ed correctly al-

most all the time. Ho w ev er, o ccasional pac k et errors cause the adaptiv e

system to switc h the op eration mo de unnecessarily and b ecause of this
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Figur e 9. Throughput of the adaptiv e and nonadaptiv e AR Q sc hemes for mobile

sp eed of 10 km/hr

unnecessary mo de switc hing, the adaptiv e system has a sligh tly lo w er

throughput than the con v en tional one at the v ery high SNR v alue. A t

the v ery lo w SNR v alue, noise is the main con tributor to pac k et errors

and adaptiv e system w ould most of the time b e in mo de H under suc h a

v ery noisy condition. As a result, the adaptiv e system do es not ac hiev e

throughput impro v emen t for v ery lo w SNR v alue.

F or the case with 50 km/hr, the adaptiv e system do es not ac hiev e

the same kind of impro v emen t as 10 km/hr and 1 km/hr cases due to

its less trac king capabilit y to time-v arying c hannel with a faster fading

rate. Ho w ev er, the adaptiv e system throughput still follo ws the trend

it should. In other w ords, for the SNR region where the throughput of

con v en tional sc heme with mo de L co de is higher than the other t w o

con v en tional cases, the throughput of adaptiv e system follo ws that of

con v en tional sc heme with mo de L co de. Similarly , it follo ws that of

mo de M co de for the corresp onding SNR region of mo de M co de.

In brief, the sim ulation study of the throughput p erformance in a

time-v arying mobile radio c hannel sho ws that the prop osed adaptiv e

AR Q system can adapt to the c hannel v ariations quite closely , esp e-

cially for slo w fading case, and hence ac hiev e signi�can t throughput
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Figur e 10. Throughput of the adaptiv e and nonadaptiv e AR Q sc hemes for mobile

sp eed of 1 km/hr

impro v emen t o v er nonadaptiv e sc hemes. Moreo v er, the results also con-

�rm the applicabilit y of the adaptiv e system parameters, so-obtained

b y analysis and optimization in stationary c hannel case, to the time-

v arying fading c hannel case.

7. Conclusion

In this pap er, a simple and e�cien t stop-and-w ait (SW) automatic

rep eat-request (AR Q) sc heme with adaptiv e error con trol is in v esti-

gated. In this sc heme, the c hannel state information (CSI) is extracted

b y monitoring the con tiguous p ositiv e ac kno wledgmen t (A CK) or neg-

ativ e ac kno wledgmen t (NAK) messages. Exploiting this CSI, w e adapt

the co ding strategy to the c hanges in the c hannel condition, and th us

impro v e the throughput e�ciency .

In order to facilitate the throughput analysis and parameters opti-

mization, w e mo del the adaptiv e system b y a Mark o v c hain. Using this

analytical mo del and assuming a static c hannel, an exact throughput

expression for the adaptiv e AR Q proto col is deriv ed and sub optimal
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adaptiv e system parameters are obtained. These design parameters are

applied for the adaptiv e system in a t ypical time-v arying mobile radio

c hannel c haracterized b y Ra yleigh m ultipath fading on top of lognormal

shado wing. The throughput p erformance of the prop osed adaptiv e SW-

AR Q sc heme in suc h a time-v arying fading c hannel is ev aluated b y

computer sim ulation. F or slo w fading c hannels, the prop osed adaptiv e

system can trac k the c hannel v ariations v ery w ell, hence m uc h through-

put impro v emen t is ac hiev ed o v er con v en tional nonadaptiv e SW-AR Q

sc hemes for almost all SNR v alues considered. The sim ulation results

also con�rm the applicabilit y of the adaptiv e system parameters so-

obtained b y the throughput analysis in static c hannel, to a time-v arying

mobile radio c hannel. It is noted that the analysis and optimization

metho ds presen ted in this pap er are applicable to a more general class

of adaptiv e systems (e.g., mo dulation or pac k et length) whic h emplo y

the prop osed c hannel sensing algorithm for link adaptation. Similarly ,

the p erformance of an adaptiv e system with more than three op eration

mo des can b e ev aluated using the metho dology outlined in Section 3.
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