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Optimization of IrDA IrLAP Link Access Protocol

Vasileios Vitsas and Anthony C. Boucouval&sllow, IEEE

Abstract—The widespread installation of millions of Infrared 1 m, an angle of=15° at a bit-error rate (BER) of less thea—2.

Data Association (IrDA) infrared (IR) ports in mobile devices for |r-PHY ver 1.0 serial IR (SIR) specification [6] supported data
wireless communication applications necessitates for throughput rates up to 115.2 kb/s using standard serial hardware, Ir-PHY
performance optimization of the IR links at the IrDA link access , ' .
protocol (IrLAP) link layer. For IrDA connectivity, link-layer ver 1.1 fast IR (FIR) [7] extended data rate to.é.l 'V'_b/S’ and fi-
throughput optimization is important for any line bit-error ~ nally Ir-PHY ver 1.3 very fast IR (VFIR) [8] specification added
rate (BER). The paper provides a mathematical model with the 16-Mb/s link rate. The IrDA hardware is controlled by a
which we derive a simple equation linking IrLAP throughput  |ink-layer protocol, the IrDA link access protocol (IrLAP) [9],
with physical and link-layer parameters. Simple equations for [10]. IFLAP is based on the widely used high-level data link

optimum values of window size and frame length for maximum 0
link-layer throughput as a function of BER are derived. A study of ~control (HDLC) protocol operating in normal response mode

the importance of parameters such as link minimum turnaround  (NRM). The performance of IrDA optical wireless links may be
time and F'-timer time out period is presented. Finally, a protocol measured by the throughput which can be drawn at the IrLAP
improvement that utilizes special supervisory frames § frames) layer.

to pass transmission control is proposed to deal with delays

introduced by F-timer expiration. Results indicate that employing In this paper, we concentrate on the performance evalua-
the special S frame highly improves throughput performance tion of the Ir(LAP protocol and on deriving optimum values
When Optimum WindOW and frame-size Va|ueS are implemented. for ||nk_|ayer parameters for max|m|z|ng throughput |n the

Index Terms—infrared Data Association (IrDA), infrared (IR)  literature, a mathematical model for the IrLAP throughput

links, optical wireless, wireless communications. using the concept of a frame’s “virtual transmission time” is
presented in [11] and [12] based on the HDLC analysis model
l. INTRODUCTION presented in [13]. However, this model does not lead to a

simple formula for the IrLAP throughput. In this work, a new
R ECI_ENT GROWTH on laptop _co_mputer_s and on portablﬁ"lathematical model using the average window transmission
. devices, such as persqnal d|g|tal assistants (,PDAS) ?ﬁme (WTT) is developed. By taking advantage of IrLAP half
digital cameras, leads to an increasing demand.f(_)r |nformat|8[]plex operation, this model leads to a simple closed form
transfer from or between portable devices [1]. Digital represepsi, i for IrLAP throughput. The formula relates throughput
tation of information is expanding to new devices such as vidgay, physical layer parameters, such as link BER, link data rate,
a_n_d_ photocam_eras. New ‘?'e‘('ces_ have _computer-hke CaR&d minimum turnaround time, and with link-layer parameters
bilities for storing and retrieving information such as mobllguch as frame size. window size. and frame overhead. As this
phones and portable information gathering appliances. (_:Ogh'uation gives us an intuitive understanding of the performance
puter manufacturers have adopted the Infrared DataAssouatbqnerA links, it would be very valuable for designers and
(IrDA) standard [2] and almost every portable computer and gl 5 jementers of such links. By setting the first derivative
Windows CE dey|ces on the market today contain an mfrar%gwa' to zero, we derive the optimum values for window size
(IR) port according to standards developed by I'DA. Laptop, frame length that maximize throughput. Formulas for
computers, PDAs, digital cameras, mobile phones, and printgfs | Ap time-consuming tasks are also presented, allowing
are .examples O,f devises with IrDA_Imks. More than 40 000 008 5 ,ation of link parameter values to throughput performance.
dey|ces are shipped each year with IrDA p(_)rts [3] capable m_AP performance is examined for various link parameters,
using th_e unregulated IR spectrum for their cable-less COQYich as BER, data rate, and window size and compared with
munication needs. , optimum performance achieved by using optimum window
IrDA standard addresses low-cost, indoor, short range, h Ee and frame length values. Optimum window and frame-size

duplex, point-to-point links [4]. The IrDA physical layer Specy aes can be easily implemented and result in significant

ification (Ir-PHY) [S] supports optical links from 0 to at IeaStthroughput increase, especially for links experiencing high

BERs. However, implementing optimum frame-size values on
Manuscript received July 23, 2001; revised April 26, 2002 and May 14, 200Zstransmissions requires buffer reorganization at a low level.
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Information frame
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Unnumbered frame
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START (8 bits) IrLAP packet (N bits) FCS (16/32 bits) l STOP (8 bits) |

Physical layer frame

Fig. 1. IrDA SIR and FIR frame structure.

window and frame-size values for maximum throughput are it has to acknowledge the number bfframes received
derived in Section VI. This section also validates the math-  correctly. An acknowledgement may be requested by the
ematical analysis for maximum throughput performance by transmitting station before the window size is reached.
comparing results obtained by equations for optimum window  This parameter has an upper limit of 7 for data rates up to
and frame-size values with results obtained by employing nu- 4 Mb/s and 127 for 4 and 16 Mb/s [9], [10].

merical methods for maximum IrLAP throughput. Throughput 5) Minimum turnaround timet(,). This is the time required
performance achieved by employing optimum values for by the station’s receive circuit to recover after the end of a
window and/or frame size is presented in Section VII, and  transmission initiated from the same station (turnaround

concluding remarks are given in Section VIII. latency). Each station must waitrainimum turnaround
time delay when moving from receive mode to transmit
Il. THE IF(LAP LAYER mode to ensure that the receive circuit of the station that

was transmitting is given enough time to recover. This is

Ir'LAP is the IrDA data link layer. It is designed based on the the time required to change link direction.

pre-existing HDLC and synchronous data link control protocols Both ) h q H
[9]. IFLAP stations operate in two modes: in the normal discon- SOt Stations must use the same data rate. However, param-

nect mode during the contention period and in the NRM durirgersl’ (?)' 3), r(]4)‘ apd (5)hare negfotiated and agrgedhindep_en—
the connection period. In the contention period, a station adv F_nty or each station. The IrDA frame structure is shown in

tises its existence to the neighboring stations along with the li 9- dl. framﬁ chkec(I:< Rs(e:ql;enge (FCS) containjﬁbl/G—b c(:jycligzreb-
parameters it supports and wishes to employ during the ¢ indancy check ( ) for data rates up to sanda oz

nection period. One of the participating stations becomes tﬁngor 4-Mb/s and higher rates. Ir(LAP employs the following

primary station. Any station may claim to become the primaufyr/ame types.

station but, at the end of the contention period, only one station1) Unnumbered framg#/ frameg are used for link manage-

is granted the primary role and all other stations are assigned the ment.U frames’ functions include discovering and initial-
secondary role. All data traffic during the connection period are  izing secondary stations, reporting procedural errors not
sent to or from the primary station. A secondary station wishing  recoverable by retransmissions, etc.

to communicate to another secondary station does so througl2) I framescarry information data across the link during
the primary station. The parameters negotiated and agreed on the connection periodI-frame control field contains

during the contention period are given below. send and receive frame counts to ensure ordered frame
1) Datarate (C) This parameter specifies the station’s trans- reception.
mission rate. 3) Supervisory framegS frameg assist in information data
2) Maximum turnaround time T{,.x). This parameter transfer althougtt frames never carry information data

specifies the maximum time interval a station can hold ~ themselves. They are used to acknowledge correctly
transmission control. For data rates less than 115.2 kb/s, received frames, request an acknowledgement from the
the maximum turnaround time must be 500 ms. Asmaller ~ communicating station, convey station conditions, etc.
value may be agreed to between the two stations forThe control field contains an identifier, which determines the
115.2 kb/s or higher data rates. frame type. Depending on frame type, the control field may con-

3) Data size (). This is the maximum length allowed for thetain a send sequence numbérused to number the transmitted
data field in any received information framé frame). frames. It may also contain a receive sequence nuihersed
This parameter has an upper limit of 2048 bytes (16 kbo indicate the expected sequence number of the héngme.

4) Window size Wmax). This is the maximum number of SIR and FIR specifications employ an 8-b-long control field
unacknowledged frames a station can receive beforéFig. 1). N, andN, occupy 3 b each in the control field, thug,
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andN,. cycle through values from zero to seven and maximum
window size is seven. VFIR specification extended the control

TABLE |
ANALYSIS PARAMETERS

field to 16 b for the 4- and 16-Mb/s data rate IrDA links. In this Parameter

- Description Unit
case,N, andN,. occupy 7 b each, cycling through values 0 to ¢ Link data bit rate bits /sec
127 and a maximum window size of 127 is allowed. Db Link bit error rate -

Within the control field, theP/F bit implements token p Frame error probability -
passing between stations. When it is set by the primary statior £ I-frame message data length bits
itis the poll () bit. When itis set by the secondary station, itis - ?‘frame, le?gﬂ;./ I‘f“;me ;";"’rhead bits
the final (#") bit. Primary uses th& bit to reverse link direction - [ansmssion Ume ol an -lrame | Se¢

Lo Imax Transmission time of an I-frame sec
and solicit a response from the secondary. The secondar with 16Kbits user data
responds by transmitting one or more frames and by setting Transmission time of an S-frame | sec
the F' bit of the last frame it transmits, thus, reversing link ¢, Minimum turn-around time sec
direction and returning transmission control to the primary. fac Acknowledgement time sec
Ir'LAP primary and secondary stations also employfhémer. Tonax Maximum turn-around time sec
P timer is assigned with the maximum turnaround tirfig.{,) LFour F-timer time-out period See

. . . . max Maximum window size frames

agreed between stations during the contention period an N Window size Frames
represents the maximum time a station can hold transmissio 7~ Frame throughput frames/sec
control. Each station starts th® timer upon reception of a p, Data throughput bits/sec

frame with the P/F' bit set and stops thé timer when it
transmits a frame with th&/F bit set. If theP timer expires,
meaning that the station holds transmission control longer th&heremin is “the lesser of” andloor is “the largest integer not
allowed, the station immediately sends a receive ready RR)Exceeding.” In this work] .y is always fixed to 500 ms.
frame with theP/F bit set to pass transmission control. The The information transfer procedure used in the current model
primary station also employs af timer to limit the time a is presented in Fig. 2. Each node holds three variabig$or
secondary station can hold transmission control. The primeggunting I frames transmittedy,. for counting frames re-
starts theF" timer upon transmission of a frame with tifebit ~ ceived, andv indicating the number of the remainidgrames
set and stops th& timer upon reception of a frame with tiie  the station can transmit before reversing link direction. The pri-
bit set. F-timer expiration means that the secondary failed t@ary also employs aR timer for limiting the secondary’s trans-
return transmission control within the agreed time period. Sing@ission period. When the primary station sendd &ame, the
the secondary’'s”-timer operation guarantees that this nevel, subfield of the frame’s control field is assigned the current
happens/'-timer expiration can only be explained by the los§s value and/; is increased by one (modulo 8 or 128 depending
of either the frame containing th bit or the frame containing of the control field size employed). The primary also makes a
the F bit. The primary resolves this situation by transmittindpuffer copy of the frame for possible retransmissions. Since the
an RR frame with the® bit set when the’ timer expires. primary always has information ready for transmission, it im-
mediately checks the value. Ifw is not equal to one, the pri-
mary reduces by one, transmits théframe with theP bit not
set and the actions previously described are repeated. When
In this work, the transmission of a large amount of informaeaches one, indicating that the néxrame should be the last
tion data from the primary to the secondary station is consiffame in the window transmission, the primary setshiit to
ered. The saturation case is assumed, where the primary stagemthe secondary and transmits thérame. The primary also
always has information data ready for transmission. assignsV to w for the nextN window frame transmission and
The parameters used in the current model are shown dfarts theF timer.
Table I. In the contention period, the primary station determines\when the secondary station receives drame, it compares
the window sizeV it will employ. N represents the maximumthe received frame sequendé value with the expected,
number of] frames the primary can transmit before solicitingalue. If N, equalsV, (the received frame is in sequencg),
an acknowledgement. Maximum window-size paramBtgt..  is increased by 1 (modulo 8 or 128) and information data is
is negotiated and agreed between the two stations during #x@racted and passed to the upper layer. If the received frame
contention period. However, the maximum time a station ca§ not in sequence (one of the previofiframes in current
hold transmission contrdl},.x must always be obeyed andwindow transmission was lost due to a CRC error), the frame
according to IrLAP specification [9]7max combined with s discarded and, remains unchanged. The secondary station
frame length and link data rate may limit the window siz@|so checks the” bit. If the P bit is set and, as the current
applied. In other words, if the time needed for transmittinghodel assumes that the secondary station never has information
Wiax frames carrying “frame length” information bytes at th@or transmission, it awaits einimum turnaround time;, to
link data rate exceeds,.x, then a smaller window size mustallow for the hardware recovery latency and transmitsSan
be employed. Thusy is giver by frame with the F' bit set. TheS frame’s N, field contains

V.., a value informing the primary of the number bfframes
N = min {Wmax,ﬂoor (Trtnax> } D)
I

1. IrLAP FUNCTIONAL MODEL DESCRIPTION

received correctly and in sequence in the previous window
transmission. When the primary receivesfhfeame, itresumes
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PRIMARY SECONDARY

<get new or buffered <
£ “|data for transmission>;

N=Vg
Vi=(V+1)mod(8 or 128);
<make buffer copy>;

S-frame received

I-frame received

w=w-1;
| do not set P-bit;
transmit I-frame;

w=N; V,=(V,+1)mod(8 or 128); —3
set P-bit; extract and pass data to d}scard
transmit I-frame; upper layer; frame
start F-timer; l
. A 4
wait_to F-timer | transmit S- wait t,,;
receive expires frame; N=Vy e
. transmit S-frame
S-frame received
not set
compare N, with ¥V and
< determine buffered frames
to be retransmitted;
Fig. 2. Information transfer procedure.
I-frame transmission as transmission control was returned to IV. Ir(LAP M ATHEMATICAL MODEL

the primary by means of the bit. The primary first compares
the receivedS frame’s N, with its currentV; value. If N,
equalsV; (all frames in the previous window transmission were

The values fots, t1, tack, p, @andD, are given by (Fig. 3)

received correctly by the secondary), the primary transthits ts =c (2)
frames containing new information data to the secondary. If Il
N, is not equal toV;,, one or morel frames in the previous tr = c 3)
window transmission are lost. The primary retransmits buffered _
. . . .. tack —2tta + tS (4)

I frames starting from the indicatel,. position before new "y
data can be transmitted. p=1-(1-p) ®)

If the last / frame that contains the” bit is lost, the Dy =IDy. (6)

secondary station fails to respond as it does not realize that

it has transmission control. The situation is resolved by the This model uses the term WTT to denote the average time

primary’s F-timer expiration. The primary realizes that theneeded for a complete window frame transmission and for ac-

secondary failed to respond within the agreed time period akdowledgements and delays concerning this transmission. WTT

transmits anS frame forcing the secondary to respond. In theccounts for the average time taken from the start of the first

current model,S frames are considered small enough to bigame in a window transmission to the start of the first frame in

always received error free. the next window transmission. WTT incorporates time needed
The saturation case model considered in this work can fsg I-frame transmissions, acknowledgements, reversing link

summarized as follows. The transmitting station always hd#ection, and time wasted in possible timer time out delays.

information ready for transmission. As a result, it transmits a As shown in Fig. 3, the key issue that determines WTT is the

window of N consecutive frames and reverses link directionreception of the last frame in the window, the frame that con-

by setting theP bit in the lastI frame. The receiver awaits atains theP bit. If this I frame is correctly received, regardless

minimum turnaround time and responds with an RRrame  of the existence of previous errors [Fig. 3(a) and (b)], WLT

indicating the expected sequence number of the next frame. BRyiven by

frames always have thE bit set. The transmitter determines

the number of frames correctly received before any error(s) tw = Nitr+ tack. @)

occurred and repeats the erred frame and the frames following

it, in the next window, followed by new frames to form afthe I frame containing thé bitis lost, an additional delay for

completeN frame transmission. If the last frame in a window-timer expiration ands-frame transmission; is introduced.

transmission is lost, the receiver fails to respond asRhgit WTT is independent of possible additionaframe errors. This

is lost. WhenF' timer expires, the primary station sends asituation is shown in Fig. 3(c) and WTT is given by

RR S frame with theP bit set forcing the secondary station to

acknowledge correctly received frames. tw = Nt; + trout +ts + tack. (8)
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The expected number of correctly received framgs, at the
beginning of anV I frame window transmission is

N
Pall = Z WPe (w) (12)
w=0

Frame throughpuD; can now be found by dividing the ex-
pected number of framesp,; correctly received in a window
transmission by the average WTT required for the window
transmission

N

X%UWcU@
Dy = L= . 13
! NtI + p (tFout + ts) + tack ( )
After some algebra, (13) reduces to
N
1=y (1-a-pY)
D; = (14)

D Nt] + p (tFout + ts) + tack
and by combining (6) with (14), link throughput is given by

1—p @—%1—mN)

p NtI + p (tFout + ts) + tack .

Dy =1 (15)

An intuitive explanation of (14) is as follows. Terth — p) /p
represents the expected number of frames correctly received be-
fore a frame error occurs. It counts for the frames from the first
frame in a window transmission that follows a window con-
taining an error to the next frame in error. Te(r?n— (1-p)~
is the probability that there is at least an error in a window trans-
mission and terniV¢; + p(trout + ts) + tack Stands for average
WTT.

An extensive discussion on IrLAP mathematical models and
a validation of the proposed WTT mathematical model in this
paper can be found at [15]. This analysis allows for the evalu-
ation of all component tasks affecting IrLAP throughput. Such

3 andN, = 5. (c) Retransmitted frames arft-timer delay due frame error at an evaluation reveals the main factors resulting in throughput

N; = 3 andN; = 6. (d) Window error-free transmissio®(bit in S frame).
(e) Retransmitted frames due to error frame with = 3 and N, = 5 (P bit
in S frame).

As an [ frame is incorrectly received with probability, the
average WTT is given by
tw = NtI + p (tFout + t@) + tack~ (9)

Considering that all frames that follow an’ frame incor-

rectly received in arV window frame transmission are consid-

degradation for IrLAP operation in nonideal conditions. Equa-
tion (15) can be rewritten as

a-p  (1-0-n")

p N% +p(tFout+ts)+tack'

Dy =1 (16)

Time portion attributed to acknowledgemefitg. is given by

ta(‘,k
N% + p (tFout + tg) + ta(‘,k ’

Ttack = (17)

ered as out of sequence and are discarded by the receiver,Tinge portion used o bit loss andF'-timer expirationl . iS
probabilityp.(w) that exactlyw I frames at the beginning of agiven by
window transmission are correctly received followed by an error

I frame in position{ + 1) is

pc(w):(l—p)wpl ’lU:071/2//N—1 (10)

p (tFout + tg)
N% + p (tFout + tq) + ta(‘,k

(18)

TFout =

Time portion taken on transmitting frame overheédds given

The probability that all frames in a window transmission areby

correctly received is

pe(N)=(1-p)V. (11)

NI
Ty = , = :
N% + p (tFout + fs) + tack

(19)
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TABLE I
Nt; AND t,. FORSIR AND FIR DATA RATES

specification | datarate | year | window | effective N | Nt(ms) | tia(ms) | tack (Ms)
size (frames) (max)
(frames)
SIR 115.2 Kbit/s | 1994 7 3] 4279 10 20.00
FIR 576 Kbit/s | 1995 7 7] 1997 10 20.00
FIR 1.152 Mbit/s| 1995 7 7] 998 10 20.00
FIR 4 Mbit/s 1995 7 7] 288 10 20.00
VFIR 4 Mbit/s 1999 127 121]  497.8 10[ _ 20.00
VFIR 16 Mbit/s 1999 127 127]  130.6 0.1 0.20
As the expected number of error frames in a window transmis- 1.0 ¢
sionispN, time portion spent on retransmission of error frames 0.9 1
Terror IS 3 08 1
£ 0.7 |
Xl £ 06
Tcrror = 7 S . (20) >
N% + P (tFout + ts) + tack 5 0.5
_ _ £ 04 |
The expected number of correctly transmitted frames following cg” 0.3 1
an error frame in a window transmission can be found if £ 02
from the total number of frames in a windaW, we subtract 0.1 -
the error framespN and the correct in sequence frames 0.0 ; ; . ‘
(1—p) (1= (1 —=p)") /p. Thus, the time portion spent on -9 -8 -EER(IOQ-)G -5 -4
re_ztranzmlttmg correctly received out-of-sequence frames is O C=115.2 Kbit/s, W,,=7 frames
given by © C=576 Kbit/s, Wya=7 frames
(N(l —p)— @ (1 -(1- p)N>) é A C=1.152 Mbit/s, W,,,,=7 frames
Teorr = (21) X C=4 Mbit/s, Wy.,=T7 frames

N&E t ty) +1
c Tt p( Fout S) + lack & C=4 Mbit/s, W,,,=127 frames

Fig. 4. Throughput efficiency versus BER far. = 10 ms,i = 16 kb, and
trout = timax T+ 2tta.

Equation (14) allows an intuitive understanding of IrLAP per-
formance. Three factors contribute to average WTT given in VFIR specification, along with introducing the higher
(9). FactorNt; represents the user data transmission, factd6-Mb/s rate, addressed the problem by reducing max-
p(trout + ts) represents the logt/F bit overhead, and,.. the imumt,, to 0.1 ms and by optionally increasing window size to
delays introduced by reversing link direction. It is clear that fat27 frames for 16-Mb/s links. VFIR also introduced an optional
very low BERS, factop(trout + ¢5) introduces negligible over- window size increase to 127 frames for the existing 4-Mb/s
head as thé/F bit is seldom lost. Table Il showSt¢; andt,.. links in an effort to solve the existing problem. Fig. 4 also plots
factors for IrPHY data rate evolution over the years. It preserttgoughput efficiency versus link BER for 4-Mb/s links with
the data rate(s) introduced by every new specification, the year = 10 ms,/ = 16 kb, andW ., = 127 frames. Throughput
the new specification was introduced, the specification’s maafficiency significantly increases with the 127 window-size
imum window size W,,..x ), the maximum window size that canemployment and reaches the acceptable value of 0.96. Fig. 5
be enforced for 16-klb frames withinT,,,.. (effectiveN), spec- plots throughput efficiency versus link BER. It examines
ification’s maximumt,, value, and the two factors contributingthe effect of reducing,, and/or increasing window size in
to WTT. Table Il reveals that the FIR specification introducethroughput efficiency for a 16-Mb/s link. Throughput effi-
much higher data rates (up to 4 Mb/s) without the expectetency fort,, = 10 ms andW ., = 7 shows that the increased
change in the maximurh, value allowed for FIR IrDA ports. turnaround frequency results in poor performance. Reducing
As aresult, the time utilized for user data transmission droppadknowledgement time portion by only increasing window
from 427.9 to 28.8 ms while the time spent on reversing the lirtize ¢, = 10 ms andW ., = 127) results in a significant
direction twice was constant at 20 ms simgewas not changed. increase but yet a questionable performance. By reducing only
As a result, 4-Mb/s IrDA links employing minimum turnaround, (t;, = 0.1 ms andW,,.. = 7), an excellent performance is
timet;, = 10 ms utilize 20 ms for acknowledgement for everypbserved. Taking further advantage of the optional window size
28.8 ms of user data transmission! Fig. 4 plots throughput effiicrease i, = 0.1 ms andW,,,, = 127) results in a slightly
ciency versus BER for SIR and FIR link rates with = 10 ms,  better performance for low BER but renders the link vulnerable
Winax = 7,1 = 16 kb, andtrou;s = trmax+ 2. Throughput ef- to BER increase as it requires a link BERIOf® to achieve an
ficiency decreases with data rate increase since link turnaroundaellent performance as opposed ttha’ BER requirement
frequency is increased. As a result, a maximum throughput & W, = 7. As a conclusiont;, adjustment is a necessity
ficiency of 0.59 can be achieved for 4-Mb/s links. while the effectiveness of window size increase is debatable.

V. THOUGHPUTANALYSIS
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0.1 ms,l = 16 kb, andtrout = timax + 2t¢a- Fig. 8. Time allocation of various IrLAP tasks against BERGbe= 16 Mb/s,
1 =16 kb, t;, = 0.1 ms, W, = 127 frames, androus = timax + 2t¢a-

Fig. 6 plots throughput efficiency versus window size for . . . -
different link BERs for 16-Mb/s links. Window size increaseeslomlally for h'gh BER. Fig. 9. plots _throughput efficiency
rsus frame size for 16-Mb/s links withh, = 0.1 ms and

. . . . eV
resultsin slight throughputincrease forlow BERs and significa B .
decrease for high BERSs. Fig. 7 plotsthroughputefficiencyvers]?fsmax = 127. It shows that, although at low BER the maximum

) ; ) . . ame size should be used, a much different frame-size value
window size for 4-Mb/s links with,, = 10 ms. A much different should be used at high BER for maximum throughput. Thus,

behavior is observed due to the large link turnaround time valte . . .
as related to link data rate. A significant throughput increaggtlmum window and frame-size parameters are of great
with window size increase for low BER is observed as th|énportance for IrLAP throughput.
link turnaround frequency is decreased. This also applies for
high BER (10~%) but when window size becomes very large,
a throughput decrease is observed caused by the increaseéthroughput can be maximized by using optimum window
number of retransmitted frames following an error frame iand frame-size values for the link BER. Optimum values are
a window transmission. derived by setting the first derivative of (15) equal to zero.
Fig. 8 shows the percent time consumed for different IFLAPhroughput analysis presented in the previous section revealed
tasks for the 16-Mb/s link with/ ..., = 127 andt;, = 0.1 ms. the importance of minimum turnaround time, which is a
It reveals that for large window-size valued/(... = 127), physical layer parameter. Optimutg,,; value must first be
the key factor that reduces throughput for a wide range ekamined for maximum throughput at high BER.
BER (from 10~8 to 10~%) is the retransmission of correctly Equation (5) shows that if the link BER is increased, frame
received out-of-sequendeframes. This is a limitation of the error probabilityp is significantly increased. In such a case, the

IrDA IrLAP protocol when nonoptimum window size is usedtime spent on primary’$’-timer expiration, represented in (9)

VI. OPTIMUM LINK PARAMETER VALUES
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Fig. 9. Throughput efficiency versus frame size @r= 16 Mb/s,t.. =

0.1 MS, Wiax = 127 frames, an@rous = timax + 2tta. # F-timer expiration

@ reversing link direction (hardware latency)
by termptr,.¢, may significantly increase the average WTT rerig. 10. Time allocation of various IrLAP tasks against BERAboptimum,

sulting in throughput performance degradation. IFLAP specifireu: = 500 ms,C' = 16 Mb/s,I = 16 kb, andt.. = 0.1 ms.
cation [9] poses only an upper limit of 500 ms for thg, value

and allows the implementation of smaller values. According to 100% -p-o-c

IrLAP specification [9], if the secondary has information for

transmission, it sets the bit in the lastI frame it transmits. 80%

Otherwise, upon gaining transmission control, it immediately ]

transmits anS frame with theF bit set, thus, acknowledging .

correctly received frames and reversing link direction. Thus, E 40%

the secondary station never holds transmission control without

transmitting/ frames. As a result, thig,,,; value may be safely 20%

reduced from the value of 500 ms to the smaller time period re-

quired for the secondary to transmit a full window ) of full 0% oo

payload { = 16 kb) I frames plus the time required for re- 9 -8 ) 6 5 4
versing the link direction twicepout = Ntnmax + 2tta. This BER (log)

trous Value assumes that the secondary has transmitted a full O useful data transmission (throughput efficiency)

window of I frames and the primary did not manage to cor- ¢ retransmission of correctly received out of sequence frames
rectly receive a singlé frame. In the saturation case considered y retransmission of error frames

in this work, the secondary station never transnifsames to

the primary and immediately acknowledges correctly received
I frames by means of afi-frame transmission. As a result, a
smallertpou; Value Oftpout = fimax + 2tta May be safely iM- fig 11, Time allocation of various IrLAP tasks against BER fooptimum,
plemented in the current scenario. This value allows the Segs: = timax + 2%, C = 16 Mb/s,l = 16 kb, andt., = 0.1 ms.
ondary station to transmit a$1frame or anl frame if it wishes

to transmit information data at the end Of infOI’mation transfeéction_ The Situation is explained by Considering that a Sing|e

from the primary to the secondary station. This.: value is  J-frame transmission error results in a significant 500-ms delay

valid since it corresponds to a maximum window-size paranjthe lost] frame contains thé bit. For the saturation case con-

eter of one for the primary station negotiated and agreed durigigered, if the maximum window size allowed for the primary

link establishment. is agreed to be equal to one atidy; = timax + 2tta, @ Much
The trou Value becomes of key importance for maximungifferent behavior is shown in Fig. 11. A significant throughput

throughput at high BER if optimum link-layer parameter valuggnprovement is achieved over a wide BER range (fidm” to

are implemented by the primary station. Fig. 10 shows the time—4) mainly by taking advantage of time otherwise wasted on

allocation of various Ir'LAP tasks versus BER when optimurg-timer expiration. Unless otherwise specified, the,; value

window sizeN is implemented forr,.; = 500 ms. At high implemented in this work is given by

BER, a significant amount of time is spent éfitimer expi-

ration causing serious throughput degradation. It can be easily trout = timax + 2tia. (22)

observed that the time portion utilized dirtimer expiration

is much larger than the time portion utilized on other Ir(LAP A different approach to address the significant delays arising

tasks, such as retransmitting error frames, retransmitting cmem the F-timer expiration is to reduce the probability Bfbit

rectly received out-of-sequence frames, and reversing link tiss rather than reducing the time wasted for everiit loss.

 F-timer expiration

@ reversing link direction (hardware latency)
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According to the IrLAP specification state charts [9], the prithe derivative of (15) becomes

mary statioq sets thE bitin the last/ frame in aw!ndow trans- oD, I 1-p 0 2N—N(N-1)p

mission. This decision assumes that link BER is very low and = — T
frame error probability is very small. Thus, th@ bit is seldom ON  p+1 2 ON Nty refbyet
lost and time spent otf'-timer expiration is negligible. How-
ever, if link BER is relatively highyp is significantly increased
as it usually refers to ah frame with 16 kb of user data. To re- **

duce the probability of” bit loss, an IrLAP modification may (—ptr) N2 + (=2ptack) N + 2tack + ptack = 0. 27)
be employed. The primary should not set fidit in the last/
frame it transmits, but transmit the bit in a new RRS frame
that follows the lasf-frame transmission. AS frames are very (—ptr) N% 4+ 20 =0 (28)
small, the new RR frames introduce negligible additional d%-n

lays. AsS frames have very small frame error rates, delays on

F-timer expiration are significantly reduced. The mathematical N 2t ack

model presented in this work can be easily altered to calculate R VAP
throughput performance for the proposed IrLAP improveme

S-frame modification is presented in Fig. 3(d) and (e) and WT

—0. (26)

After some algebra and assumi?ygfi,+pts + tack/(p + 1) =

Assumingpt,cx <K 2tacc and—2pt.ac < —ptr, (27) becomes

(29)

'onsidering the valid approximations for smgjland! > ',

becomes p = lpy, andty =~ I/C, optimum window-size value is given by
2tackc'
tw—RR = Ntr + 15 + tack (23) Nopt = 12py (30)

independent of the number dtframe errors in the window The optimum window-size values versus BER for fixed frame
transmission. The assumption thiframes are always trans-SiZe are shownin Fig. 12. Window size should be decreased with
mitted error free holds true since tiSeframe error rate is well the increase of BER for maximum throughput. Note that at very

below 0.01 at the highest BER value considered in this wor@W BER, the optimum window-size values should be greater
Throughput is now given by than the maximum window-size value of 127 frames allowed

by the IrLAP specification. Fig. 12 also compat®¥s, values
~ derived from (30) with optimum window-size values obtained
1—p (1 -(1-p) ) using exact numerical methods in (15) for a 16-Mb/s link with
Nt; 4+t + to (24) i, = 0.1 ms. An exact match is observed validating the approx-
imations used to derive (30).

The following analysis for deriving optimum values for, Optimum Frame Size
window and/or frame-size parameters does not consider links
employing the S-frame modification and using smatkous A different approach for reducing information transmitted in
values, such as the value given in (22). Identical formulas ha@evindow transmission is by decreasing frame size. A small
been derived for thes-frame modification (which eliminates frame size reduces frame error probability and the necessity
F-timer delays) by taking the first derivative of (24). Hencefor retransmissions. However, as each frame transmission re-

the fo”owing results and conclusions app|y to both cases. quires the transmission of flags, address f|8|d, control fleld, and
FCS, employing small frame sizes results in a relative increase

of overheads. In addition, frame-size adjustment requires buffer

reorganization if adjustment on frame retransmissions is im-
Due to the half duplex operation of the IFLAP protocolplemented. Thus, optimum frame-size implementation is more

window size is a very important and easily adjustable parasifficult than optimum window-size implementation but it may

eter. If a small window-size value is implemented, the increasat$o be employed for increasing throughput performance.

link turnaround frequency results in significant delays and de- The following approximations are considered for small

Dy_grr =1

A. Optimum Window Size

creases throughput performance. If a high window-size value is 1+’ /

=1-(1- ~(I+1 31
implemented at high BER, a large number of frames following 1 _5 1 ( ]ib) U+ py (31)
an error frame may be transmitted. Even if these frames are — = —-1=- (32)

correctly received, they are considered as out of sequence and , p p p

are discarded by the receiver. These frame transmissions essen- (L + 1) pytrous =0 (33)

tially delay reversing link direction, acknowledging correctly (141" ppts =0 (34)

received frames, and retransmitting the erred frame. NN , N (N -1) N2 o
To derive optimum window-size values, the derivative of (15]) ~(A=+O)p)” AN+ )Py = 2 (E+0)"p

againstN must be set to zero. First, considering the valid ap- (35)

proximation for smalp and Dy, is given, to a good approximation, by

C 2Np,— N (N -1)(I1+1)p}
N(N -1 Dy — b
( 5 )p2 (25) b 2prl (l+l’)+% .

(1-p)N m1-Np+ (36)
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Fig. 12. Optimum window/frame-size validation.

The derivative againgis taken, set equal to zero, and after som@. Simultaneous Optimization of Window and Frame Size
algebra, we derive that optimum frame-size values are given t9s \vindow-

Ve and frame-size link parameters can be simul-
a good approximation by

taneously adjusted, maximum throughput performance can
be achieved. Optimun¥V and! values are derived by taking
2(NU + ta O) 0Dy, /ON = 0D, /0l = 0. First, the derivative versud can
lopt = pr @37) be taken following the analysis in Section VI-A. Optimukn
values derived by setting the derivative equal to zero can be
The optimum frame-size values versus BER for a fixej’f"bsmmed 0 throyghput eq'uat|on. Throughput is now a
unction of frame sizé for optimum N values. The derivative

window size of 127 are shown in Fig. 12. As expecte Versus!/ can now be taken and set equal to zero to derive
frame size should be decreased at high BER if maximum d

throughput is to be achieved. Note that at very low BE ptimum / values. Nop: given by (29) should be used as the

; : ssumptiori > I’ is no longer valid as optimurhvalues ma
the optimum frame-size values should be greater than ﬁe P > 9 P y

maximum frame-size value of 16 kb allowed by the IrLA € significantly small.
specification. As in the case of optimum window-size vaIues,N [28 ack \/ 2t ack \/ 2t 0k C (39)
opt = ~ =
DI (

all approximations considered in deriving (37) are validated [+ 1) py L 1412

. ; ) i ) be +1) po
by comparing optimum values given from (37) with optimum
values derived by employing numerical methods in (15) forand

4-Mb/s link witht;, = 1 ms. 9. O
An important conclusion can be extracted by observing that Nopt (1 +1") = \ / Tack” _ .. (40)
(30) and (37) that calculate optimum values can be rewritten as Po

Considering (5), throughput (15) can be rewritten as

NI
Nim =g = taa O N O wep (1ma-m) )
b= [ENE .
Equation (38) reveals that maximum throughput is achieved P NZ 4P (trout +b) + tack
when the probability of a bit error in the optimum windowConsidering (5) and (40)
frame transmissiors{ Nlp,) times the number of bits that have D — I(1—p) (1—(1—=pp)°) 42
to be retransmitted due to this error, which on average is half the b= » (% + (trous + ts) + tack) : (42)
window transmissionVi/2, is equal to the acknowledgement ) ) o
time in bits #,.C' plus the number of overhead bits in the*SSuming the valid approximatign~ (I +1') py, then
window transmissionV/’. (1—=(1—=pp)°)
The term NI’ is missing from (30) because, if optimume = T
window-size values are implemented, optimu¥h becomes 11— (1+1)p)
relatively small for high BERs, so ternVI’ can safely be X . (43)

neg|ected_ (l + l/)pb (1 + (l + ll) Do (tFo“tj—tS)C + tacckc)
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Denotings = (trout + t5) C'/c, taking the first derivative 90 18
versus and by setting it to zero 80 - 116
taaC 270 14 _
2py— (I'p-1)) <<z+z'>2pzs+<z+z'>m (1+—k>) e 0
c @ 60 - 12 S
tac C t - T ~
+(Ppy+l ('pp—1)) (2 (I+1) pZs+py <1+—k>> =0. g 50 0 9
¢ ‘D 40 8 @
= )
Considering the valid approximatidfp, = 0, we reach, after § 20 1 14 ¥
some algebra 10 S
tackC i
—py <s +2U'pps + 1+ —k> 0 ‘ ' 0
¢ -9 -8 -7 -6 -5 -4
tackC
Tyl (—21’2]7;,5 Y (1 ; —k>> BER (log)
¢ + optimum N (analytic)
+ llzpbs + (1 + M) =0 (45) # optimum N (exact numerical)
¢ X optimum / (analytic)
As —21'2])1,8 —2U' (1 4+ taeC/c) = 0 A optimum / (exact numerical)
taeC
2 .= I (l'pbs +1+ ck ) (46) Fig. 13. Simultaneously optima window and frame-size validationfoe=
opt

o (8 + 20pps + 1 + Lax€) 4Mb/s,t, = 0.1 ms, aNttroue = trmax + 2tea-

and, to a very good approximation _ i ) .
in the optimum window frame transmissior: ( NoptloptPs)

I times the number of bits that have to be retransmitted in the fol-

lopt ~ ' (47) lowing frames due to this error, which on average is half the
o ) ) window transmissioV,ptlopt /2, is equal to the acknowledge-
By substituting (47) into (40), we obtain ment time in bitst, . C.. In other words, the bits transmitted in
2o C the optimum window transmissiaN,: /.« Should balance the

Nopt = \/ l,' . (48)  time utilized in retransmitting out-of-sequence frames and time

. . . . . utilized on acknowledgements.
Fig. 13 plots simultaneously optima window and frame-size

values for 4-Mb/s links witht;, = 0.1 ms. It is observed that
for a high range of BERs (less than—6-5), (47) suggests that
frame-size values greater than 16 kb (the maximum allowed forFig. 14 compares the throughput efficiency of a 16-Mb/s link
IrLAP) should be employed. For this range, optimiwvalues Wwith z;, = 0.1 ms employingV = 127 andl = 16 kb with the

are given by (30) instead of (48) since frame-size values are c#iiroughput achieved by implementing optimum window-size
stant ( = 16 kb) and not optimum. As a very good match beor frame-size values given by (30) and (37), respectively. It
tween values given by (30), (47), and (48) and optimum valugBows that throughput is significantly increased for a wide
derived by using numerical methods is observed, approxintange of BER values (from0~" to 10~*) if optimum window
tions made to derive (47) and (48) are validated. Slight di¢r frame-size values are employed. For low BER, throughput
ferences are observed mainly for high BER because optimg@rformance for optimunV values is higher than throughput
N values given by the mathematical analysis and (48) are rggrformance for optimuni values because as window size
values and have to be rounded/siscan, of course, take only decreases, fewer frame overhe#dare utilized in a window

VIl. THROUGHPUTANALYSIS USING OPTIMUM VALUES

integer values. transmission. The situation is reversed for high BER because
An important conclusion can be extracted by observing thédte optimum window-size implementation always utilizes large
(30) and (47) for optimum values can be rewritten as frame sizes (= 16 kb), has a high frame error probability
Nooilons at high BER, and often thé bit is lost. Implementing the
Noptloptpb% =tackC (49) suggested modification in Section VI and setting fAdvit in

Lo — (50) a special RRS frame is always beneficial as it eliminates time
optloptPb spent onF’ timer. Fig. 14 also shows that applying optimum

Equation (50) reveals that optimum throughput is achievedndow and frame-size values simultaneously results in better

when the probability of a bit error in the optimum frarme ( performance overall.

loptp) times the number of bits that have to be retransmitted dueFig. 15 shows the effect of reducirig, to 0.01 ms for the

to this error & I,,1) must be equal to the frame bit overhdad same link parameters as in Fig. 14. A throughput increase is

This equation shows that optimum frame-size values should babserved, especially for the simultaneous implementation of

ance between time spent on retransmitting error frames and tioptimum window and frame-size values. This is due to the

spent on transmitting overheads. Equation (49) shows that maereased link turnaround frequency caused by the employment

imum throughput is achieved when the probability of a bit erraf optimum (smaller) window and frame-size values. As a
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0.01 ms.
even for al0~* BER by employing optimum widow and

result, for comparison, achieving the same high throughpfﬂ?me's'ze values.

is possible with a link ofl0~> BER using the simultaneous
window and frame-size implementation as opposed 16 &

BER required forV = 127 frames and = 16 kb. Fig. 16 shows A mathematical model based on the average WTT has
the percent time portion utilized for various tasks for the sani@en developed to study the IrLAP throughput performance.
link parameters and reveals that the retransmission of correcllye model leads to simple formulas for IrLAP link-layer

received out-of-sequence frames is of no importance any méineoughput and illuminates on the time-consuming tasks and
as optimum window and frame-size employment reduced tbelays involved in IrLAP operation. The derived formulas

probability of transmitting out-of-sequence frames. It also showslate throughput and delays with parameters such as link
that theF'-timer expiration becomes again of great importand®ER, link data rate, minimum turnaround time, frame size, and
at very high BER. If theP bit is transmitted on a speci@l window size. Throughput results are presented for different
frame, as suggested in Section VI, a significant increase link parameters. The significance of the minimum turnaround
throughput efficiency is observed in Fig. 17. Links employingime delay on throughput is revealed and explored for different
a smallt;, of 0.01 ms and implementing the proposedrame IrDA links. Small minimum turnaround delays should be

modification, a throughput efficiency of 65% can be achievechplemented if maximum throughput is to be achieved. The

VIIl. CONCLUSION
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effectiveness of the proposed larger window size of 127 frameg3]
for the 16-Mb/s links becomes questionable as it slightly
increases throughput at low BER but renders link operatiorPM]
very vulnerable to BER increase. The importancefefimer
value is also explored at high BER. 1]
Mathematical analysis allows us to derive optimum window
and frame-size values for any BER. Results indicate that
throughput performance is highly improved by simultaneous
optimum window and frame-size employment. This suggests
that adaptive algorithms for modifying window size and framz=="
length would be beneficial at high BER. A protocol improve g
ment that utilizes special RR frames to pass transmissi
control is proposed. Special RR frame employment eliminat
delays due taF-timer expiration and significantly improves
link-layer throughput when optimum window and frame-siz
values are simultaneously employed. The analytical results ¢
optimum values derived can be very useful to link designe

W. Bux and K. Kummerle, “Balanced HDLC procedures: A perfor-
mance analysis,JEEE Trans. Communvol. 28, pp. 1889-1898, Nov.
1980.

S. Williams and I. Millar, “The IrDA platform,” inProc. 2nd Int. Work-
shop Mobile Multimedia CommunicatigrBristol, U.K., Apr. 11-14,
1995.

V. Vitsas and A. C. Boucouvalas, “Throughput analysis of the IrDA
IrLAP optical wireless link access protocol,”Rroc. 3rd Conf. Telecom-
municationsFigueira da Foz, Portugal, Apr. 23-24, 2001, pp. 225-229.

% Vasileios Vitsas received the B.Sc. degree in
electrical engineering from the University of Thes-
saloniki, Greece, in 1983 and the M.Sc. degree in
computer science from the University of California,
Santa Barbara, in 1986. He received the Ph.D.
degree in infrared wireless communications from
Bournemouth University, Poole, U.K., in 2002.
. In 1988, he joined Hellenic Telecommunications
| Organization where he worked in the field of X.25
packet switching networks. In 1984, he joined the
“* Technological Educational Institution of Thessa-

in determining the effectiveness of physical and link-layesniki, Greece, as a Lecturer in Computer Networks.

parameters in IrDA link performance.

REFERENCES

[1] D.J.T. Heatly, D. R. Wisely, I. Neild, and P. Cochrane, “Optical wire-
less: The story so farfJEEE Commun. Magvol. 36, pp. 72-82, Dec.
1998.

[2] A.C.Boucouvalas and Z. Ghassemlooy, “Editorial, special issue on
tical wireless communications,” iRroc. Inst. Elect. Eng. J, Optoelec-
tron., vol. 147, 2000, p. 279.

[3] S.Williams, “IrDA: Past, present and futurdBEE Pers. Communvol.

7, pp. 11-19, Feb. 2000. =

[4] I. Millar, M. Beale, B. J. Donoghue, K. W. Lindstrom, and S. Williams,

“The IrDA standard for high-speed infrared communicatiotdgWlett- measurements, and sensors, until 1987, when he joined Hewlett-Packard

Anthony C. Boucouvalas (S'81-M'82—
SM'00-F'02) received the B.Sc. degree in
electrical and electronic engineering from Newcastle
upon Tyne University, U.K., in 1978. He received
the M.Sc. and D.I.C. degrees in communications
engineering from Imperial College, University of
London, U.K., in 1979, and the Ph.D. degree in fiber
optics, in 1982.

Subsequently, he joined GEC Hirst Research
Centre, and became Group Leader and Divisional
Chief Scientist working on fiber-optic components,

Packard J, vol. 49, no. 1, pp. 10-26, 1998. Laboratories as Project Manager. At Hewlett-Packard, he worked in the areas
[5] IrDA, Serial Infrared Physical Layer Specification — Version, 1@  of optical communication systems, optical networks, and instrumentation,

frared Data Association, 2001. until 1994, when he joined Bournemouth University, Poole, U.K. In 1996,
[6] IrDA, Serial Infrared Physical Layer Specification — Version, 1l  he became a Professor in Multimedia Communications, and in 1999, he

frared Data Association, 1994. became Director of the Microelectronics and Multimedia Research Center.
[7] IrDA, Serial Infrared Physical Layer Specification — Version,1ld-  His current research interests lie in optical wireless communications, optical

frared Data Association, 1995. fiber communications multimedia communications, and human-computer
[8] IrDA, Serial Infrared Physical Layer Specification for 16 Mb/s Additioninterfaces. He has published over 130 papers in the areas of fiber optics, optical

(VFIR) — Errata to version 1.3nfrared Data Association, 1999. fiber components, optical wireless communications, Internet communications,
[9] IrDA: Serial Infrared Link Access Protocol (IrLAP) — Version 1lhi- and HCI.

frared Data Association, 1996. Prof. Boucouvalas is a Fellow of the Inst. Elect. Eng. (FIEE), a Fellow

[10] IrDA: Serial Infrared Link Access Protocol Specification for 16 Mb/sof the Royal Society for the encouragement of Arts, Manufacturers, and
Addition (VFIR) — Errata to version 1,linfrared Data Association, Commerce, (FRSA), and a Member of the New York Academy of Sciences and
1999. ACM. He is an Editor of the IEEE WELESS COMMUNICATIONS MAGAZINE,

[11] P. Barker, A. C. Boucouvalas, and V. Vitsas, “Performance modeling tEEE TRANSACTIONS ON WIRELESS NETWORKS EURASIP ®URNAL ON
the IrDA infrared wireless communications protocdht. J. Commun. WIRELESS COMMUNICATIONS AND NETWORKS and Secretary of the IEEE
Syst, vol. 13, pp. 589-604, 2000. UK&RI Communications Chapter. He is in the Organizing Committee of the

[12] P. Barker and A. C. Boucouvalas, “Performance analysis of the IrDiternational Symposium on Communication Systems Networks and Digital
protocol in wireless communications,” Proc. 1st Int. Symp. Commu- Signal Processing (CSNDSP), Vice Chair of IEEE GLOBECOM 2003 for
nication Systems Digital Signal Processii@heffield, U.K., Apr. 6-8, Optical Networking and Systems, and a member of the technical committees
1998, pp. 6-9. of numerous conferences.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


