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Abstract—Recently, heterogeneous networks with wired and try not to slow down TCP’s transmission rate when a wireless
wireless links are becoming common. However, the performance |oss is detected. They preserve the end-to-end principle and
of TCP data transmission deteriorates significantly over such o, pe applied when the traffic is encrypted at a lower-layer.
networks becaL_Jse of _packet losses caused by the high bltH thev f ther difficulty in their debl t path
error rate of wireless links. We had proposed receiver-based oweyer, ey lace ano e_r imculty in their dep °¥me” pg )
ACK splitting mechanism to solve that problem previously. Our  That is, the TCP sender is generally the server in the wired
mechanism does not need modifications to the sender TCP or hetwork, and server administrators do not prefer solutions that
the base station. It uses the ACK-splitting method for increasing introduce additional costs or instability to their systems.
the congestion window size quickly to restrain the throughput — goc5,156 of the above drawbacks, the most of the existing so-
degradation caused by packet losses due to the high bit error . . '
rate of wireless links. lutions are not widely deployed. So, in [6], we have proposed

In this paper, to evaluate the effectiveness of our mechanism, & receiver-based ACK splitting mechanism to improve TCP
we develop a mathematical method to derive the throughput of a throughput over wired and wireless heterogeneous networks
TCP connection over heterogeneous networks. In result, we find \ithout such drawbacks. Our mechanism only requires one
that the larger the bandwidth of the wireless link is, the more =y maye g modification to the TCP algorithm at the receiver
effective our mechanism becomes, therefore, the mechanism’s . .
usability will increase in the future. host that directly connects to the wireless access network.

Therefore, it preserves TCP’s end-to-end principle, and it can
easily be deployed and applied to IP-level encrypted traffic. To
restrain throughput degradation only with the modification of
the receiver-side TCP algorithm, our mechanism uses ACK-

. INTRODUCTION splitting method [7]. In [6], we exhibited the effectiveness of

Various wireless network technologies have become poputhe proposed mechanism by simulation experiments.
in recent years, they are coming to be used as access networka this paper, we develop a mathematical method to derive
to the Internet. In particular, heterogeneous networks withe throughput of a TCP connection with our mechanism
wired and wireless links have become common. Howevavhich traverses wired and wireless heterogeneous networks.
it is a well-known problem that the performance of TCHn the analysis, we assume that both of packet losses due to
deteriorates significantly when a TCP connection traversestwork congestion and packet losses caused by the high bit
such networks [1]. It is because TCP can not distinguish teeror rate of wireless links takes place. Then, through analysis
cause of packet loss: whetheméreless losswvhich is caused results, we discuss the usability of our mechanism in various
by the bit error on wireless links or @ongestion lossvhich  (including future) wireless network environments.
is caused by the network congestion. That is, the TCP sendeThe rest of this paper is organized as follows. In Section
reduces the congestion window size to half in response to 2/lwe describe our receiver-based ACK splitting mechanism.
packet losses, meaning that the transmission rate is slowg@ection 3, we explain the details of analysis of our mecha-
down unnecessarily when wireless losses take place. nism’s throughput. In Section 4, we present numerical results

Many solutions to this problem have been proposed uf our mechanism and discuss its usability. Section 5 concludes
the past literature [2-5]. Some of them [2, 3] modify thehis paper and offers an outline for future work on this topic.
functions of the base station. They aim to hide the occurrence
of wireless losses from the TCP connection in the wired

. . ; Il. RECEIVER-BASED ACK SPLITTING MECHANISM
network. However, such solutions violate TCP’s end-to-end
principle because they split the TCP connection at the base€Our mechanism requires a modification only to a TCP
station. Furthermore, they can not be applied when a loweeceiver connected to a wireless link in order to be easily de-
layer encryption mechanism such as IPSec is utilized becapdsyed and to be applicable to IP level encrypted traffic, and to
they need to access TCP header at the base station. Ofireserve end-to-end principle. That is, our mechanism doesn’t
solutions [4, 5] modify the sender-side TCP algorithm. Theghange the congestion control mechanism of the sender to

Index Terms—TCP, wired/wireless heterogeneous networks,
ACK splitting mechanism, throughput analysis
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which is a method to increase the congestion window size ofSender Base Station Receiver
the sender-side TCP quickly than usual by sending multiple one flow of TCP-SACK or proposal
ACKnowledgement (ACK) packets when a data packet arrives

at the receiver. Fig. 3. Network model for throughput analysis

However, since ACK-splitting has some demerits when it
is used inappropriately, it is necessary to control its execu-

tion. Congestion losses are a sign of network congestiqfer 4 wired network is calculated by modeling TCP's conges-
and halving the congestion window size is the correct way,, ayoidance behavior on the assumption that packet losses
to avoid further network congestion. Consequently, ACKsceyr with a constant ratio. The authors assumed that all of
splitting should not be executed in response to congestign, packet losses are caused by network congestion. It models
losses because enlarging the congestion window size endsp nymber of packets transmitted during the period between
increasing the network congestion. To avoid such a S'tuat'%cket loss indications (Figure 2). The period is called the
our mechanism has a function to distinguish wireless Iossgﬁme Duplicate PeriodXDP). In Figure 2, around indicates
from congestion losses at a receiver host. how many RTTs have elapsed from the beginning of the TDP.
After a packet loss is distinguished as wireless loss, ACKy,o average number of packets transmitted in one TDP and
splitting begins. However, executing ACK-splitting too Ionqhe average time length of one TDP are denoted ggkts]

after the Wir_eless loss occurs would increase the load 9fq4 4 [sec], respectively. The average throughput of a TCP
the sender-side TCP or networks by sending too many A%nnection,B [pkts/sec], is calculated as follows:
packets and by making the congestion window size larger than

expected. Thus, we need to control the duration of ACK- B — Y (1)
splitting to avoid such a situation. Because our purpose is A
to recover from unnecessary reductions in the congestipnthis paper, we expand the analysis in [8] to obtain the
window size, our mechanism continues ACK-splitting untihverage throughput of a long-lived TCP connection using
the congestion window size reaches the value just before d@ mechanism in a heterogeneous network. The following
wireless loss occurred. assumptions from [8] will be used: an ACK packet for first data
Furthermore, during ACK-splitting, if the sending rate opacketin RTT returns to the sender after all data packets in the
split ACK packets is too high, the amount of data transmitte®TT have been sent out from the sender, and the congestion
on the return path to the sender increases excessively. Congiedow size is not limited by the receiver’s advertised flow
quently, the uplink of the wireless network becomes congestedntrol window. We assume that our mechanism can distin-
because the uplink bandwidth of the wireless networks ggiish the cause of packet loss (congestion loss or wireless
usually small. Thus, our mechanism incorporates a functifwss) perfectly.
to control dynamically the sending rate of split ACK packets. The network model is depicted in Figure 3. It consists of
The sending rate of split ACK packets is tuned by changing sender host, a receiver host, a base station, a wired link
their number for one data packet. We determine the numhginnecting the sender and the base station, and a wireless link
of split ACK packets for one data packet by estimating thgetween the base station and receiver. We defige[bps]
congestion level of the uplink by referring to the length of the be the bandwidth and,, [s] to be the propagation delay
sending queue for the uplink network interface at the receivef. the wired link. Cy [bps] and D, [s] are the bandwidth
According to these procedures, the congestion window sigad the propagation delay of the downlink of the wireless

changes as depicted in Figure 1. network, and”,, [bps] andD,, [s] are those of the uplink of the
wireless network. The buffer size of the base station is denoted
I1l. THROUGHPUT ANALYSIS as M [pkts]. We assume that there is only one persistent TCP

The analysis is based on the mathematical method reportasnection between the sender and the receiver.
in [8]. In [8], the throughput of a long-lived TCP connection We consider two types of packet loss: wireless loss and
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congestion loss. We assume that wireless losses take place in
the wireless network with a constant rafio p is calculated

as executed, the speed of the congestion window increase is
S identical to that of the original TCP-Reno: 1 segment every

P = {1 —(1-¢) } (2)  RTT. On the other hand, in the recovery cycle, the speed of

wheree is the bit error rate of the wireless link arf [bits] the congestion window size increase is larger than 1 segment

is packet size. This is based on the assumption that wirel@& RTT (by using ACK-splitting), and it becomes 1 segment
loss occurs after the first transmission and three succesdi RTT after the congestion window size reaches the value
retransmissions of the packet by ARQ fail. Here, we do néthad just before the wireless loss occurred.

assume any Forward Error Correction (FEC). However, it is Here, we can derive average throughput of normal TCP-

easy to consider the effect of FEC in the analysis, becausef{CK connection by this analysis. The difference of changes
we need to do is change Equation (2) to decreasand the N congestion window size between normal TCP-SACK and

following analysis remains unchanged. our mechanism is increasing speed from the beginning of

Congestion loss is assumed to occur when the congesti§ROVErY cycle to when the congestion window size reaches
window size reaches the value fy; [pkts]. Wy is calcu- the value just before a wireless loss occurred. In normal TCP-

lated as SACK, it is 1 segment per RTT, on the other hand in our
c mechanismg (we define in detail later) segments per RTT.
Wy = ?d X RT T in + M (3) That is, we can derive average throughput of normal TCP-

SACK connection by setting to 1.
In the analysis, we first derive the average number of
transmitted packets and the average durations of the normal
20 cycle and the recovery cycle. We also calculate the probability
RTTmin = 2Dy+Dat+Dut—z—+7=+75" (4 for which a TCP connection with our mechanism is in each

Cu; Cd Cu .
where320 is the size of an ACK packet in bits. Equation (3) i%éﬂee'swe then get the average throughput by averaging these

based on the assumption that buffer overflow takes place when
the congestion window size becomes larger than the sum of
the bandwidth delay product of the network and the buffer siﬁe
at the base station. Equation (4) is derived from the sum ‘of
propagation delays and transmission delays on the round-trigThe analysis for the normal cycle is almost the same as
transmission path. that of [8]. Figure 5 depicts typical changes in the number
In this paper, we define the period between two packet transmitted packets in each round of the normal cycle.
loss indications as aycle (corresponding to a TDP in [8]). Since the normal cycle starts just after the congestion loss
We categorize a cycle into two types, since the congestioncurs, the congestion window size at the beginning of the
window size behaves differently according to whether th®ormal cycle isWQM, and@ packets are transmitted from
detected packet loss is a wireless loss or a congestion Iab& sender in the first RTT. The number of transmitted packets
We denote the cycle which starts just after a congestion ldasround increases by 1 segment every RTT. The normal
as thenormal cycle and the cycle which starts just after acycle continues until wireless or congestion loss occurs. We
wireless loss as thecovery cycleThe normal cycle continues assume that congestion loss takes place when the window
until the next packet loss occurs. On the other hand, tk&ze reache$l,,;, which is calculated with Equation (3). That
recovery cycle continues until the congestion window regaims the normal cycle is terminated when wireless loss occurs
its initial size before the wireless loss by ACK-splitting andbefore the congestion window size reach&g; or when the
packet loss occurs after that. Figure 4 depicts typical changesgestion window size reaché®),, and congestion loss
in the congestion window size in normal and recovery cyclesccurs. Here, we denote the number of transmitted packets
We assume that a TCP connection uses TCP-SACK andrdm the beginning of the normal cycle to when the congestion
is always in the congestion avoidance phase in both cyclesndow size reache$l’y; as s, [pkts]. s, includes the lost
Therefore, in the normal cycle, because ACK-splitting is nqtacket, and it is calculated as the sum of an arithmetic

where RTT,,;» [S] is the minimum RTT of the transmission
path, which is calculated as follows:

S+320 S 3

Analysis of normal cycle
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from the beginning of the normal cycle, the normal cycle is
terminated. On the other hand, if no wireless loss occurs while i
sn packets are being transmitted, the loss must be congestion  1strecovery step 1st 2nd 3rd
loss.

In Figure 5, we assume that the,-th transmitted packet Fig. 6. Behavior of ACK-splitting in the recovery cycle
from the beginning of the cycle is lost, and defiig, [pkts]
and X, as the congestion window size and the round number
when the packet loss occurred, respectively. Then, using twkere RTT}, [s] is average RTT in the normal cycle, add,
wireless loss probability (Equation (2)),, can be calculated is average duration added when timeout occurs. We assume

progression as follows:

as follows: that timeout takes place only when a retransmitted packet is
su—1 ) lost since we use TCP-SACK as the basis of our mechanism.
an o= > (1=p) " lpk+ Y (1-p)Fps, Thus 4,, is calculated as follows:
k=1 k=sn RTO
1 (1 p) © Ay = p1_p (1+p+2p +4p® +8p* +16p° +32p°) (14)
- —

. ) o where RTO [s] is TCP’s initial retransmission timeout. Here,
From Figure 5, we can derivVE, [pkts], which is the number \ve aiso deriveRTT,, but in this paper we omit that due to

of packets transmitted in the normal cycle, in two differen§pace limitation. For the derivation 6tT'T,, refer to [9].
ways. The sender detects a packet loss when three duplicate

ACK packets arrive, so the packet loss is detected one RTT
after the sender sent the packet that became lost. During the
RTT, the sender sends additional packets corresponding tdn the recovery cycle, if wireless loss occurs during ACK-
the ACK packets that were received before receiving thréglitting, the congestion window size is reduced. After the

Analysis of recovery cycle

duplicate ACK packets; therefor&,, is calculated as reduction, ACK-splitting starts again, and it continues until
the congestion window size reaches the value it had just
o = an+Wntl (") before the beginning of the recovery cycle. Therefore, the

On the other hand, the congestion window size is increment&g9th of the recovery cycle varies according to how many
by 1 segment per round, S8 +k—1 packets are transmittegWireless losses occur during ACK-splitting, as depicted in
in the k-th round. By approximating tha{% packets are Figure 6. We define theecovery stepas the period which

transmitted in the(X,, + 1)-th round on an average [8}; Starns from the beginning of ACK-splitting to when the packet

can also be obtained as loss takes place (Figure 6). Figure 6 depicts the changes in
x the congestion window size in recovery cycles with 1, and 3
vy, — Z(WM Lk 1) i Wa @8) recovery steps. Apparently from this figure, in the recovery
" =N 2 2 cycle with » recovery steps, firsfr — 1) recovery steps are

terminated by wireless losses during ACK-splitting, and the

Here, there is a clear relation betwelf, and X.: final r-th recovery step is terminated by a packet loss after

_ W _ the completion of ACK-splitting. Therefore, the form of the
W, = + X, -1 9) e
2 last recovery step of the recovery cycle is different from that
From Equations (7), (8), and (9), we can obtdiy and W, of other recovery steps in Figure 6.
as follows: Here, we assume that the congestion window size increases
W2 — 9w 8a. + 8 by 6 segments per 1 round during ACK-splitting, whefe
Wy = VIVE 2M o ¥ (10) means the average number of ACK packets for one data packet
92— Wy during ACK-splitting. We derive) from download bandwidth
Xy = — T Wa (11) and upload bandwidth of wireless links. In this paper, we omit

the derivation ofé due to space limitaion, so refer to [9] for
As a result,y, becomes detailed calculation o8.
1—(1—p)*» /W2, —2W +8ay,+8
P " 2

Meanwhile, A, [s], which is the average duration of the
normal cycle, is obtained by taking the product of average RT
and the number of rounds in the normal cycle, considerilﬁ
TCP’s timeout after a packet loss occurs:

Yy = +1(2) 1y = case

We first analyze theé-th recovery step where= r, i.e., the
gcovery step that is terminated by a packet loss after ACK-
litting finishes. Figure 7 depicts the model of the number
transmitted packets in theth recovery step, wherge= r.
During ACK-splitting, all packets are successfully transmitted
Ay, = (Xu+1)RTT, + A (13) and the congestion window size increasessbsegments per
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wherei = r

we deriveda,, in Equation (6), we can deriv.eﬁ? as follows:
round. From Figure 7, we can deritg.” [pkts] and A% [s], 0 ©
which are the average number of transmitted packets and thé) — Z a- (7) A AN A Z _ (Z) Sgr)

average duration of théth recovery step, where= r, in a

= : e : _ k=Y 941 G k=s{"
similar way to the normal cycle’s derivation. First, we derive

1— (1 _p)sfi)er(i) _i_p)/e(l)

the number of transmitted packets from the beginning of the - (19)
i-th recovery step until the reco(\_/)ery of the congestion window p
size finishes. We denote it @&~ [pkts] and calculate it as We can derive?.) in two different ways:
follows:

) ) i) Yr(ai) = 045? + Wr(;) +1 (20)

v = Xe (@W: +0Xe’ —9) (15) X -x W
? YO = YO+ 3 @k s @)
k=1

whereX(' is the round number when the congestion window
has recovered to the value just before the recovery cyMErereWr(j) and Xm) [pkts] are the congestion window size
begins, and/V [pkts] is the congestron window size at theand the round number when packet loss occurs after recovery
beginning of thei-th recovery stere is counted from the completion. Here, there is a clear relation betwdgf’ and

beginning ofi-th recovery step, and it is obtained by Xr(i):
" oD _ @ wo = ow® 4 x© - X (22)
XP = —/—+1 (16) _ _
0 From Equations (20), (21), and (22), we obt&if.) and X%
as follows:

SinceW" is the congestion window size when the recovery

cycle begrns,2WS( ) is the congestion window size when w@

ACK-splitting stops.Ws(i) is obtained from the analysis of ¥

the (i — 1)-th recovery step, which is explained later.
Because the congestion window will have recovered whemen, v,\) is calculated from Equation (19), (20) and (23),

paCketS are SUCCeSSfU”y transmlttﬁf y which is the and A(Z is calculated as follows:
probab|I|ty at which a packet loss occurs after recovery
completion, is expressed as AR = (XY + DRTTY + Ay, (25)

2 . .
O = \/4W§” +2wi — 2y 4 20(2 + 2 (23)
X0 = xO —ow® 4w (24)

where RTTr(;) [s] is average RTT of the th recovery step,

O = (1-p¥" 17
@ (1=p) (A7) wherei = r. For the derivation oRTT,, refer to [9].

s [pkts] is the number of transmitted packets from thé) 1 <i < r Case

beginning ofi-th recovery step to when the congestion window Next, we analyze thé-th recovery step wheré < i <

size reache$V;;, and it is calculated as r. Figure 8 depicts the model of the number of transmitted
packets in the-th recovery step wheré < i < r. In Figure

8, the congestion window size increases dpegments per
round. From this figure, we denvie’ [pkts] and A() [s],
which are the average number of transmrtted packets and the
We assume that the'?-th packet from the beginning of theaverage duration of théth recovery step wheré < i < r,

i-th recovery step is lost under the condition that wireless lossa srmrlar way to the normal cycle’s derivation. We assume
does not take place during ACK-splitting. In a similar way athat theoéIb -th packet from the beginning of theth recovery

(War — 2W) (W + 2w 41
2

s = YO 4 ) 18)



step is lost if a wireless loss occurs during ACK-splitti ’)
is derived as:

0

(i) < (1-p)*'p 1 v

Q= Z 5) k=_-— ()
— l—ar P 1—a

(26)

We deriveYr%) in
the normal cycle:

two different ways, as we did with}, in

vW o= al) +wl +1 27)

(i) X i W(i)

Yo' = D WOtk -1)+ =2 (28)
k=1
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Fig. 9. Comparison of analysis and simulation results

where W and X [pkts] are the congestion window size
and the round number when a wireless loss takes place dunng

ACK-splitting. Here, there is a clear relation betwe@r‘;b

and x
wi = w4 sxP -1) (29)

From Equations (27), (28), and (29), we obtmﬁé) aner(]?
as follows:

. 2 . .

WO = W sw® 1os 1250l (30)
i s—w wl

Xy o= (31)

Here, W™ = Mo pecause thei + 1)-th recovery step
starts if a wireless Ioss occurs during ACK-splitting in the
th recovery step. The
(27) and (30), and4rb is calculated as follows:

AG

XV + D)RTTY + Ay (32)

whereRTTr(é) [s] is the average RTT of theth recovery step

wherel < i < r. For the derivation ofRTTr(é), refer to [9].
The analysis results of thieth recovery step whergé= r

and wherel < ¢ < r can now be used to derivug'” [pkts] and

b ) is calculated from Equation (26),

probability with which a TCP connection is in the normal
cycle. Since the normal cycle starts when congestion loss
occurs, the following relation is true:

P, = P+t i{u = Pn)ﬁ

1=1
wherec, = (1 — p)*»~—1, which indicates the probability that
a congestion loss occurs in the normal cycle, ahd = (1-
p)sy)*l, which is the probability that a congestion loss occurs
in a recovery cycle with- recovery steps. From this equation,
it follows that

a)ei"} (35)

_ YR e
Pn - oo r—1 (i)\ (r) (36)
L=+, Lo - e
Finally, the average throughput of a TCP connection with our
mechanismp [pkts/sec], is obtained by using, as follows:

PYat 37 { =P T (1=af)(1-p) v}
PA (=R T (1—al)(1-p)” A0 )

Note that we can also derive the average throughput of a

(37)

A [s], which are the average number of transmitted packetsrmal TCP-SACK connection by substituting= 1.

and the average duration of the recovery cycle witbcovery
steps as follows:

r—1

voo= 3V vy (33)
r—1 )

A= 3 AD 4+ Al (34)
=1

C. Throughput derivation

IV. NUMERICAL RESULTS

In this section, we show the numerical results of the
throughput analysis. We first set parametets,,( D.,, Cy,
Dy, C,, D,, M) in Figure 3 to (10 Mbps, 45 ms, 2 Mbps,
1 ms, 384 Kbps, 1 ms, 50 pkts), and we choose 1 second
for RTO. Figure 9 compares the throughputs of the analysis
and the simulation with ns-2. It is shown that our analysis
gives good estimation of the throughput of TCP-SACK and
the proposed mechanism.

In the previous subsections, we showed how to derive Next, we show the analysis results for various wireless net-

the average number of transmitted packets and the averagak environments, with different bandwidths for the down-
durations of the normal and recovery cycles. In this subsectidimk and uplink of the wireless network. That is, we change
we derive the probability with which a TCP connection is irC; and C,, in Figure 3 and keep the other parameters the
each cycle, and the average throughput of the mechanismdayne values. Figure 10 shows the analysis results @gr (
taking their average. C,) of (2 Mbps, 384 Kbps), (2 Mbps, 768 Kbps), and (4
The probability that the number of recovery steps im a Mbps, 768 Kbps). For@,, C,) of (2 Mbps, 384 Kbps), our
recovery cycle i [;_ 1(1 at? ), because thér—1) recovery mechanism increases throughput by up to 74 % and is up
step is terminated during ACK-splitting. We defiig as the to 650 Kbps faster than normal TCP-SACK. Fary( C,)
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Fig. 10. Analysis results for different wireless network environments ~ Fig. 11. Analysis results for a large bandwidth network such as IEEE802.11n

of (2 Mbps, 768 Kbps), that is, when the uplink bandwidtRit error rate. Moreover, our mechani;m incregses thrqughput

becomes larger, our mechanism becomes more effective. ﬁ(eUp to several tens of Mbp_s, and its e_szectlveness IS very

throughput becomes 118 %; i.e., our mechanism is 850 Kbﬁége regardiess of the bandwidth allocation.

faster than normal TCP-SACK. This is becaus¢he number

of ACK packets which can be sent for one data packet, V. CONCLUSION

increases when the uplink bandwidth becomes larger. Thisin this paper, we mathematically analyzed the receiver-

means that the speed of the congestion window increase dufimged ACK splitting mechanism which improves the TCP

ACK-splitting becomes higher and the throughput degradatitimoughput over wired and wirelesss heterogeneous networks.

is restrained more promptly. The analysis indicates that the larger the bandwidth of the
For (Cy4, C,,) of (4 Mbps, 768 Kbps), that is, when downlinkwireless link is, the more effective our mechanism becomes.

and uplink bandwidths both become larger, the throughpfg a result, we concluded that the mechanism’s usability will

improvement becomes up to 80 %, and it does not chanigerease in the future as wireless networks become faster. In

so largely compared with the (2 Mbps, 384 Kbps) casthe future, we plan to implement the mechanism in the actual

When the downlink bandwidth becomes larger, the arrivalireless network environments and confirm its effectiveness

interval of data packets becomes short§stpes not increase, in actual operation.

even if the uplink bandwidth becomes larger. Therefore, the

throughput increase doesn’t change so much. However, in REFERENCES
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