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To Piggyback or Not to Piggyback in HCCA

student : Yung-Hsiang Liu Advisors : Dr. Tsern-Huei Lee

Institute of Communication Engineering
National Chiao Tung University

ABSTRACT

Piggyback is an effective way to reduce the MAC protocol overhead. However, it
Is not always useful in every environment. In some cases, it may decrease the channel
efficiency due to the retransmissions and the piggyback problem. There are some rules
to piggyback with data frame, ack frame and CF-poll frame. In order to maximize the
throughput, we have to find out which way has the best efficiency. First, we focus
only on piggybacking data and Ack frame or not. Second, we also discuss the CF-poll
frame in HCCA. Considering the transmission bit error and transmission rate, we
estimate the average throughput then choose a way to transmit. The improvement of

piggyback can reach 50% in some case.

Keywords— piggyback, multi-rate, Ack, CF-poll
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Chapter 1
Introduction

IEEE 802.11 wireless LAN is used for a long time and accepted for different
environment with many generations such as 11a, 11b, 11g, etc. In 802.11a/g, it provides eight
different transmission rates from 6Mbps to 54Mbps by different modulation and coding. In
order to maximizing the throughput, RBAR (receiver based auto rate) and ARF (auto rate
fallback) are used for choosing a proper transmission rate. In RBAR, the receiver has to
estimate the channel quality and feedback to the transmitter and the transmitter can adapt for
the next time. But in ARF, the STA increases the transmission rate after ten consecutive
successful transmissions and decreases after two consecutive retransmissions without the
channel information sending from the receiver.

IEEE 802.11e HCF controlled..channel-access (HCCA) supports the reservation-based
QoS, and provides many combination rules for the different types of frames. (table 1) Such as
a CF-poll frame is used to allow a station (STA) to use the wireless channel and set the
network allocation vector (NAV) for the other stations. An acknowledgement (Ack) frame is
sent to the transmitter which transmitted the previous data frame by the receiver when the data
frame is received successfully. These two frames can be piggybacked in a data frame to
reduce the MAC overhead and increase the channel efficiency because the piggyback only
needs to modify the header but not increases the length of data frame. The wireless station can

perform piggyback according to the table 1 and no complex computation is required.



TABLE 1.  Valid type and subtype combinations.

10 Data 0000 Data

10 Data 0001 Data + CF-Ack

10 Data 0010 Data + CF-Poll

10 Data 0011 Data + CF-Ack + CF-Poll

10 Data 0100 Null (no data)

10 Data 0101 CF-Ack (no data)

10 Data 0110 CF-Poll (no data)

10 Data 0111 CF-Ack + CF-Poll (no data)

10 Data 1000 QoS Data

10 Data 1001 QoS Data + CF-Ack

10 Data 1010 QoS Data + CF-Poll

10 Data 1011 QoS Data + CF-Ack + CF-Poll
10 Data 1100 QoS Null (no data)

10 Data 1101 Reserved

10 Data 1110 QoS CF-Poll (no data)

10 Data 1111 QoS CF-Ack + CF-Poll (no data)
11 Reserved 0000-1111 Reserved

However, in some cases, it .may decrease the channel efficiency due to the
retransmissions [1] and the piggyback problem [2]. If an Ack frame which is piggybacked in a
data frame failed to be received, the previous data frame needs to be retransmitted again
although it was received successfully. A CF-poll frame and a data frame which is piggybacked
with CF-poll should be transmitted in the minimum transmission rate of the allowable rate for
all STAs to make sure that all STAs can receive the CF-poll and set their NAV. In [2], the
author defined the piggyback problem as : The channel efficiency is decreased when the
CF-poll frame is piggybacked in the data frame when any STA has the low physical
transmission rate.

In this paper, we divide into two parts. First, we focus only on piggybacking Ack with
data frame or not. Second, we also discuss the CF-poll frame. We want to maximize the
throughput and choose the best way to transmit Ack, data, and CF-poll frames for the
transmitter by evaluating the cost of time and efficiency for all cases.
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CHAPTER 2

System Model

To improve the throughput, the transceiver will use the best achievable rate for the data
frames. Because of the uncertainty of wireless communication, this is an error-prone
environment such that frames may be corrupted during the transmission. We assume that the

system has error detection code for detecting the corrupted frames.

2.1 To piggyback Ack with data frame or not

We consider a pair of wireless network, say station A and B. They have frames to each
other and transmit frames as shown in figure 1(a). The minimum interval between two
successive frames is the short inter frame space (SIFS). If the STA which transmitted the data
frame does not receive the Ack frame from the receiver STA within a timeout interval, it will
retransmit the same data frame again inits next round. The timeout interval is PCF inter frame
space (PIFS).

For an Ack frame sent by a receiver, it is usually transmitted at the basic rate such that
the bit error rate is extremely low. Therefore, in this case, the error probability of Ack frames
is assumed to be negligible.

The Ack frame can be also piggybacked with data frame as shown in figure 1(b). If this
is an error-free environment, the efficiency increases in this way. However, it may also
decreases in some cases. In error-prone environment, it is possible fail to transmit or receive

the “data+Ack” frame and the frame has to be retransmitted again.
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Figure 1. “To piggyback Ack or not” scenario.

2.2 To piggyback or not in HCCA

We consider a wireless network. There are one access point (AP) and n STAs.
The AP has one data frame to each STA, and polls every STA in sequence. The STAs also
have one data frame to AP during their Transmission Opportunity (TXOP). Besides, they will
send an Ack back if necessary. We assume that the length of data

frames and the bit error rate are fixed. The.scheme shows in figure 2.

AP . XN+ &

STA1

STA2

STA3 i

STAN B
o Sl Ack+Data foroar B ax

Figure 2. The scenario in contention-free period.



In figure 2, there are piggybacked frames “Ack + data + CF-poll” from STA2 to STAn.
In order to find out how to piggyback this frame or not that can maximize the
throughput, we divided into four cases 1, 2, 3 and 4.

In case 1, the piggybacked frame “Ack , data , CF-poll” will be transmitted individually.
In case 2 and 3, we separate it into two frames “Ack + data, CF-poll” and “Ack, data
+CF-poll”. And in case 4, we just piggyback together but not separate it. But there is no “Ack
+ CF-poll, data”. If the AP polled the next STA before it transmitted the data frame, there will
be a collision. There is no “data, Ack + CF-poll”, too. Because after AP transmitted the data
frame, the Ack will be time-out and the previous data frame will be retransmitted again in the
next TXOP. In this four cases, if a STA did not receive the CF-poll or CF-poll in a
piggybacked data frame successfully, then the AP should poll again after PIFS. The other

intervals between two frames are defined as'SIFS.



Chapter 3
Mathematical Analysis

3.1 To piggyback Ack with data frame or not
In order to discussing the “piggyback Ack or not” issue, the queue length at both STAs
must be equal. We assume that there are i equal-length frames in each queue of STAs. The

notations used in this part are listed as follows.

TABLE 2. The notations used for 3.1.

Notation Definition
R the basic physical rate used for Ack frames
Rq the physical.rate used for data frames
Py the-bit error probability with physical rate Rq
P the frame.error probability of data frame
TsiFs time duration of SIFS
Triks time duration of PIFS
L length of data frame
La length of Ack frame
Tp the time used for physical layer header
Tq the time spent when a data frame is successfully
transmitted
To= Tp+8XL/Rg+Tsirs




Ta the time spent to transmit an Ack frame

Ta= Tp+8 XLa/R+TsiEs

T, the time spent when a data frame is corrupted

T= Tp+8 XL/Rg+Tsipst+Ts

Fx the average time spent to successfully transmit the
considered data frames to their destination under a
specific operation. F, and F, are for the normal case

and the piggyback case respectively.

3.1.1 No piggyback case

In this case, each frame is transmitted separately. A STA needs to retransmit the data
frame if the Ack frame is not received. Let M be the random variable representing the number
of retransmission times before a data frame is successfully transmitted. The probability mass
function can be calculated by

p(M =i) =P'x(1-P), &)
which is a geometric distribution with mean ™M equal to P/(1-P).

Therefore, the time used to successfully transmit a data frame can be calculated by

T:MXTr+Td. )
And we have

F,=2xix(T +Ta):2xix[%+Taj,

_ ®)
ThroughputZZXIXLXS: Lx8 .
F Ty + PT, (4)
n 4T,
1-P



3.1.2 Piggyback case

We assume that there are i data frames at station A and j frames at station B when a

station receives a data or a “data+Ack” frame successfully. Let G;; be the average time spent

to service (i+j) frames. After the first data frame is transmitted, there are two cases for the

destined station as shown in figure 3(a) and 3(b). If the frame is corrupted, the whole process

restarts. On the other hand, the data frame is received successfully, and the time spent to

deliver the rest frames is equal to G;;. Therefore, we have

F,=T,+Px(T,+F)+1-P)xG;.

®)

If it is corrupted as shown in figure 4(c), the source station will retransmit again and the

time required is equal to T+ G;;. As shown in figure 4(d), the time required is equal to Gj.1; .

G, =T, +Px(T, +G;;) +(1-P)xG_,;.
G =Ty +Px(Ty +G ;) +(1-P)xG, 4,

G, =T, +Px(T, +G,,) +(1=P)xG,,,
GO'1 = Ta.

G,, = (2xi DT, x0T,
' 1P

a

_ (2xi+2xixP—P)T, + PT, iT

F
’ 1-P :

2xixLx8  (1-P) y
F L+ P)xT,

p

Throughupt ~ lim

L x8.

(6)
U]

®)

©)

(10)

(11)

(12)
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.
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Figure 3. Two cases for computing Fp.

Station A | Gi;

Station B Ty

(¢) “datatAck™ frame corrupted

Station A

Station B

(d) “datatAck” frame successfully received

Figure 4. Two cases for computing G;j.

The frame error probability P can be computed by

P :1_(1_ Pb)BXL- (13)



3.2 To piggyback or not in HCCA

TABLE 3. The notations used for 3.2.

Notation Definition
Ri the allowable highest physical transmission rate of
the ith STA
RcE-poll the physical transmission rate for CF-poll frame or
a piggybacked frame with CF-poll
Py the bit error probability
Pp the frame error probability of data frame
Pc the frame error probability of CF-poll frame
Pa the frame error-probability of Ack frame
Lgata length of data frame
Lheader length of Ack or CF-poll frame
TsiFs time duration of SIFS
Trirs time duration of PIFS
Tp the time used for physical layer header

Considering the multiple data rate, the physical transmission rate for CF-poll frame or a

piggybacked frame with CF-poll is

Reepar = MIN{R;} (14)

1<i<n

where the n means the number of STAS.

10



Case 1.

In case 1, the frames will be transmitted separately. The scheme shows in figure 5. The

cost of time incase 1, T, can be calculated by

T, =[ i (T, + = +PIFS)+(Tp+£+SIFS)]+(TF)+%+SIFS)

1- I:>D F—poll F—poll

AR, +M+SIFS)]+ P, x0+(T, +%+SIFS)+[(1— R, +%+SIFS)]+ P,x0

-1
+

=2 4 R (T, + Lear +PIFS)+(Tp+—Lheader +SIFS)+(Tp+%+SIFS)}

1- Pc F—poll F—poll

+H1-P,)(T, +%+ SIFS)

N

And we have the average bits successfully transmitted P,

P =L{1-FR)A-P)EN ~1)+ (1= Py)]

SIFS

AP 1.

EH
EH

STA2

STA
(n-1)

STANn EEEEES)

Data CF-poll

Ack+Data [ Ack

- CF-poll
+Data

Figure 5. The case 1 scheme.
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Case 2.

In case 2, the frames will be transmitted as figure 6.

The cost of time in case 2, T, can be calculated by

T, = [ P (T, + T +PIFS)+(Tp+—Ldata +SIFS)]+(Tp+—LId;“"‘+SIFS)

1 CF —poll CF—poll 1
(T +— Lt iFs) [ P)(T 4 Lo | giPsy) P, x0
NP min(R_,R) R

+ 1
=2 4 CP (T, + Licage +PIFS) + (T, +—Teader Lheater +SIFS) + (T, +L|;ata+SIFS)}

C CF—poll CF —poll i

+(1-P,)(T, +%+ SIFS)

N

And we have

P, = L[Q- PD)(]'_ PA)N +(1- PD)+ (1- PD)Z(N ~ 1]

AP

STA1 S

STA2

EH
i

STA3

STAn

i
i

D CF-poll
+Data

] Ack

CF-poll

Figure 6. The case 2 scheme.
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Case 3.

In case 2, the frames will be transmitted as figure 7.

The cost of time in case 3, T, can be calculated by

[ (r 4 s +PIFS) + (T, +——tea Lo +SIFS)]+ (T, +L§T""+5'F5)

CF—poll CF—poll
ALa-pR,){T, +%+ SIFS)]+ P, x0

i-1
+Z L L
(T n L tata +p|FS)+(T 4 —daa +S|FS)+(T + I;ﬂa-i-S'FS)}

CF —poll CF—poll i

+(1-P,)(T, +%+ SIFS)

N

(19)

And we have

P, =L[1-P,)A-P,)N +(1-P,)N] (20)

STA2 e

STA
(n-1) .

STAn B
e A e

Figure 7. The case 3 scheme.
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Case 4.

In case 4, the frames will be transmitted as figure 8.

The cost of time in case 4, T, can be calculated by

T, = [l—PT:’ (T, + oo +PIFS)+(T, +—Ldata +SIFS)]+ (T, +—L|d;‘a +SIFS)
D

CF —poll CF—poll 1

{1PTD (T, + Laaa +PIFS)+(I'p+—Ldata +SIFS)
~'p

CF—poll CF —poll

N

2,
i=2 Ldata
+(T, +? +SIFS)}

+(L-P,)(T, +%+ SIFS)

N

(21)

And we have

P, = L[(N -1~ P,)* + N(L-Py) + (1—P,)(1~ P,)] (22)

AP

STA1 e

STA2 -

STA3

STAN B

- CF-poll
+Data

54 Ack+Data AcktData FHH Ack

+CF-poll

Figure 8. The case 4 scheme.
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transmission rates of STAS.

Chapter 4

Numerical Results

In this section, we present some numerical results about the benefit of piggyback. We use
different bit error rate and the data rate to calculate the throughput for each case. In figure
9~16, the horizontal axis means the length of data frames and the vertical axis is the average

throughput. We calculate the average throughput for different bit-error-rate and the

The parameters used in this section are listed in table 4.

TABLE 4. IEEE 802.11 Parameters.
Parameter Value
L 500, 1000, 2000 bytes
La 36 bytes
Lheader 36 bytes
R 6-Mbps
Rg 6,9,12,---,54 Mbps
T 20 s
TsiFs 16 «s
Ts Ous
Pp 10%,10°, 10°
Ta 20+36x 8/6=68 S

4.1 To piggyback Ack with data frame or not

Figure 9 shows the throughput with and without piggyback for Re=12Mbps and P,=10".
We can see that it is not always better to piggyback the Ack frame in error-prone transmission.
There is a crossover point around L=1100 bytes, which means that the wireless station should
turn on piggyback if the packet length is smaller than 1100 bytes. Moreover, we can see that

the throughput is very low for small packet because of the effect of protocol overhead.

15
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Figure 9. Throughput comparison for Ri=12Mbps and P,=10".

Figure 10 shows the results for 54Mbps under the same bit error rate. The crossover
point moves to over 2000 bytes. That is, it.is:better to piggyback all the time for high data rate
because the time wasted in retransmitting. the “data+Ack” frames is reduced. The throughput
improvement by piggyback in the best case is about 40%.

40
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Figure 10. Throughput comparison for Rg=54Mbps and Pp=10".
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Figure 11 shows the results for Rg=54Mbps and P,=10". With larger bit error rate, the

throughput decreases due to lots of retransmission, especially for large data frames.

20

T T
R +  No piggyback
Y Piggyback
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o
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1
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0 200 400 600 800 1000 1200 1400 1600 1800 2000

frame size L

Figure 11. Throughput comparison for Re=54Mbps and Pp=10".

Assume that we can have P,=10" with Ry =36Mbps. The results are plotted in Figure 12.
It is interesting to check what happens i the bit error rate is reduced. We can see that the
throughput is over 20Mbps for most cases. Therefore, one should trade off between bit error
rate and physical data rate to achieve best performance. The way to perform link adaptation
affects the effective throughput.

30

25+ = ++*Egﬁ6
o + +
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= +
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F
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o] 200 400 600 800 1000 1200 1400 1600 1800 2000
frame size L

Figure 12. Throughput comparison for Re=36Mbps and Pp=10".
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4.2 To piggyback or not in HCCA

With the formulas we derived in previous section3.2 the effect of piggyback in four cases
can be evaluated in terms of the average throughput.

Figure 13 shows the throughput in four cases for R;=6, R,=9, R3=12, R4=18, Rs=24,
Re=24, R;=54, Rg=54, Ry=54, R10c=54Mbps and the P,=10"°. We can see that the line for case
1 is better than the others all the time, which means the AP should not piggyback. The

improvement of piggyback can reach 50% in this case. Besides, the throughput is very low for

the short length of data frames.

15 T T T

w

o, 12+

&

%% 11+

T

E 10-

B e

= / ——caze 1

E 9+ () casel -

y cage3

85 + case 4 -
T_ -
/] i
6 1 1 1 | 1 1 1 =
200 400 600 800 1000 1200 1400 1600 1800 2000

Frame length(Bytes)

Figure 13. Throughput comparison for R1=6, R,=9, R3=12, R4=18, Rs=24, Rg=24, R;=54,

Rg=54, Rg=54, R10=54Mbps and the P,=10".
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Figure 14 shows the result for Rj=54Mbps, i = 1~10 and P,= 10°. The case 4 gets the
lead and the case 1 is the worst now. The AP should piggyback the Ack and CF-poll in the

data frame because there are not so many disadvantages of piggyback such as retransmission

or “piggyback CF-poll” problem.

Throught put{Mbps)
B8

—<—casel
20 - casel 4
Z 7 case 3
1£ + case 4 4
0 | | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800 2000

Frame length(Bytes)

Figure 14. Throughput comparison for R; =54Mbps, i = 1~10 and P,= 10°°.

Figure 15 shows the result for R1=24, R; =54Mbps, i = 2~10 and P,= 10°.

we should mind the length from 600 to 1600 bytes. The case 2 has the best throughput.

40 T

35+ G ek 7
.\!/ﬁ
w
_8' 30
N
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e25
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=
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2

E 20 —¢—case 1

- case 2
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—'—case 4 B

10 I I | | | I I I
200 400 600 800 1000 1200 1400 1600 1800 2000

Frame length(Bytes)

Figure 15. Throughput comparison for R;=24Mbps, Ri=54Mbps, i = 2~10 and Pp= 10°°.
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Figure 16 shows the result for R;=54Mbps, i = 1~10 and P,= 2*10°.

The case 3 is the best about 1100-1500 bytes.
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Figure 16. Throughput comparison for R;=54Mbps, i = 1~10 and P,= 2*10™.

In summary, piggyback is not always the best choice to transmit this frame. Under some
conditions, the best way is to transmit all-separately or use two frames “Ack + data, CF-poll”
and “Ack, data +CF-poll”.

If the bit-error-rate is large and the-Rerpon is low, it is definitely better not to use
piggyback for avoiding the excessive retransmissions and “piggyback CF-poll” problem. On
the contrary, if the bit-error-rate is small and all the transmission rate of STAs are high enough,
the AP should piggyback the Ack and CF-poll in the data frame to increase the throughput.

When the bit-error-rate is small and the Rcr-pon is low but not too low, the case 2 will get
the lead. We should mind the Rcepon here. If it is too low, the throughput of case 2 will
decrease and be worse than case 1 because the slowest STA slow down the total transmission
rate. If it is too high, the throughput of case 2 will be worse than case 4 for the reason above.

We can hardly find out a condition that the case 3 is the best. Only when the Rce-pon IS
high and the bit-error-rate is large but not too large, the case 3 is the best. If the bit-error-rate
is too large, the CF-poll piggybacked in data frame suffers from too many retransmissions so

the case 3 is worse than case 1. If too small, the case 3 is worse than case 4.
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Chapter 5

Conclusions

In some case, we can use piggyback to improve our system efficiency and the

improvement of piggyback can reach 50%. However, piggyback is not always effective in
every environment. Sometimes we should transmit separately instead of piggybacking.

Moreover, the length of data frame has a great effect on the frame error rate. In principle,
when the bit-error-rate is high, the length should choose not too large in order to decreasing
retransmissions. But when the bit-error-rate is low, using a small frame has a worse
throughput because of the effect of protocol overhead. With the influence of transmission rate,
the length of data frames also can be chosen by the formulas to have a better throughput.
However, we just bring up the principle to remind the effect of length. We don’t maximize the
throughput by choosing the best length-of data frame, because the length of data frame isn’t
only determined by AP or STAs but also determined by arrival-rate, type of data(ex: video,
voice ). The tradeoff between data rate and- bit error is still an open issue and we will also

focus on it.
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