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ABSTRACT

This paper proposes an analytical framework for perfor-
mance evaluation of TCP (Transport Control Protocol) over
adaptive wireless links. Specifically, we include adaptation
of power, modulation format and error recovery strategy,
and incorporate some features of wireless fading channels.
This framework is then used to pursue joint optimization
through maximization of an objective functional, that ex-
presses a trade-off between achievable throughput and en-
ergy costs. A set of numerical results is reported, and it
is seen that Hybrid ARQ schemes may provide significant
benefits in the optimization framework.

I. I NTRODUCTION

One of the most relevant challenges in recent years has
concerned efficient deployment of TCP over wireless links,
where propagation impairments such as shadowing, multi-
path propagation and path loss [1] have detrimental ef-
fects on transport performance. Indeed, since TCP was
designed to work on wired (non fading) links, it tends to
react to packet losses by initiating a congestion control al-
gorithm, which causes the reduction in the load of the in-
termediate links and hence a suboptimal end-to-end per-
formance. While on one side efforts have been devoted
to develop analytical setups for performance analysis (see
e.g. [2] for characterization of sequences of errors in cor-
related fading channels), other efforts have been directed
to overcome performance degradation. The most relevant
solutions to improve the behaviour of TCP over wireless
links can be subdivided into three categories: split connec-
tion (i.e. [3]), end-to-end (i.e. [4, 5]), and link layer ap-
proach. We are mainly interested in the link-layer approach
([6, 7]), which resorts to proper management of radio re-
sources (e.g. power allocation) and error recovery to hide
propagation impairments as much as possible to upper lay-
ers. This approach allows to avoid any modification at the
transport layer, but at the expense of increased efforts on
the lower layers of the wireless interface.

Since final performance (e.g. achievable throughput at
the transport level) depends on the combined behaviour
of the above mentioned components, developing consistent
models that capture interactions and their complexity is of
crucial relevance. Along this line, this paper moves from
recent papers (e.g. ([6, 7]) and proposes significant ex-
tensions in order to jointly consider the following compo-
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Figure 1: A model for a hybrid wired/wireless connection

nents in the optimization task: power settings (allocation),
modulation format (from MSK to 8-PSK within the EDGE
frame), and error recovery strategy (FEC, ARQ and Hybrid
ARQ of Type I). Moreover, we account for typical error
floor induced by Rayleigh fading statistics.

The outline of this paper is as follows. In section II the
system model is presented, in section III the analysis of the
objective function is described, while numerical results are
exposed in section IV; finally in section V conclusions are
drawn.

II. SYSTEM MODEL

Moving from [6], the transmission scheme for TCP ex-
tended over a wireless link is shown in Fig. 1. We con-
sider only one sender, one receiver and one base station
for acknowledgements (ACKs) crossing. While we do not
deal specifically with fragmentation, we assume that a TCP
packet of sizeMSS (expressed in bits) is split intoJ (ra-
dio) blocks, withJ = MSS

K
, whereK denotes the block

length. Each block is then encoded and transmitted, as
shown in Fig.1. Furthermore, it has been assumed that the
base station has a large enough buffer.

A. TCP/IP

For our computations, we use the Reno version of TCP
since it is the most popular implementation in the Internet
today, [8, 9]. For this reason, we consider not only the be-
haviour of TCP fast retransmit mechanism, but also the ef-
fects of TCP timeout mechanism, as expected from Reno
congestion control algorithm, [10, 11]. This latter aspectis
of fundamental importance, since it has been demonstrated
that in a wireless context the number of timeout events is
usually larger then the number of fast retransmit events,
[12, 13, 14].

We retain in this context the following approximate ex-
pression for TCP Reno’s [15]:
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whereWmax is the maximum allowed congestion window
size, PS is the probability of a TCP segment loss,T0 is
the Time Out period and RTT is the round trip time, whose
expression will be computed in the following.

The probability that a TCP segment is discarded because
of link errors in the wireless channel can be evaluated as:
PS = 1 − (1 − Pblock)J .

B. Link layer error control: Hybrid ARQ of Type I

We assume a Hybrid ARQ (Automatic Repeat Request) of
Type I [16] for error recovery at the link layer. This scheme
uses a code, i.e. an(n, k) linear code, which is designed
for simultaneous error detection and error correction (FEC,
Forward Error Correction). When the received block is de-
tected with errors, the receiver first attempts to locate and
correct the errors. If the presence of an error pattern is de-
tected that exceeds correction capabilities, the receiverre-
jects the received block and requests a retransmission. For
our computations we adopted a Reed-Solomon (RS) code,
[16] while a Stop-and-Wait (SW) algorithm was adopted
for the ARQ component.

1) Encoding and FEC component

EachK bits-block is encoded in a code word of lengthN .
The redundancy ratio is defined as:x = (N − K)/K. We
assume that the probability of undetecting a corrupted block
is almost zero. We also assume that ACK are well protected
and there is no probability to lose them in any link. A TCP
segment is decoded properly if all blocks are received un-
corrupted and decoded by the receiver. In general, for an
(N, K) code, the coding gain, which is the reduction in
the transmission power that is achieved when using a coded
signal, is given byGcoding = K

N
dmin. For a RS encoding

technique ([16]) it resultsdmin = (N − K + 1), so that it
turns out:Gcoding = 1

x+1 (Kx + 1).

2) ARQ component

If FEC does not succeed in decoding one block, the link
level error recovery mechanism turns to ARQ and tries to
re-send the block (frame) forδ times whereδ is the max-
imum number of allowable retransmissions and is called
persistency. If the block (frame) cannot be delivered af-
ter δ trials, ARQ assumes that the frame cannot be locally
recovered and leaves to TCP the correction of the frame on
an end-to-end basis. As already evidenced, we assume a
SW ARQ mechanism.

3) Power control

Power control in intended as power allocation to counter-
act large scale (path loss) and medium scale (shadowing)
fluctuations in the channel gain. This is reasonable in those
systems where fast power control is not implemented. Fast

fading is however accounted for, as explained in the fol-
lowing section, in the expression of the average bit error
rate (BER) through fast fading statistics.

C. Model for TCP throughput

According to [6], the expression for TCP throughput can be
written as follows:

λ(x, y, δ) = 1
x+1 · f(RTT, PS) (2)

wherey represents the transmission power.

1) RTT computation

In order to evaluate the expression for RTT, we assume
that data blocks are quickly acknowledged by ARQ-SW
and sizes of acknowledgments are negligible if compared to
data blocks. The RTT is obviously dependent on the num-
ber of retransmissions. Letδi, i = 1 . . . J denotes the num-
ber of times we retransmit the blocki of a TCP segment.δi

are i.i.d. geometric random variables. Therefore, the RTT
mean value can be derived as follows:

E(RTT ) = T + 2D + Ts + (2D + Tb)
∑J

i=0 E(δi) =

= T + 2D + Ts + (2D + Tb)JE(δi) (3)

whereT is the round trip time of the wired part of the TCP
connection,D is the one way propagation delay,Tb = N/B
is the time needed for the transmission of one block,Ts =
JN/B = MSS(x + 1)/B is the time needed for the trans-
mission of a segment.

2) Average number of retransmissions

The average number of retransmissions can be computed
by considering that the random variablesδi assume values
within the range0,˙̇̇,δ. It can be shown that

E(δi) =
∑

∞

j=0 jP (δi = j/δi ≤ δ) (4)

Moreover, it can be shown that

E(δi) =

δ
∑

j=0

j
P (δi = j)

P (δi ≤ δ)
(5)

and, since Reed-Solomon codes are used, [19]:

PBlock = (1 − (1 − Pb)
K)δ+1 (6)

wherePb is the probability of a bit error. By assuming
symbol-to-symbol independence when dealing with error
events, it turns out that:

P (δi = j) = P j
Block(1 − PBlock) (7)

and it is possible to demonstrate that:

P (δi ≤ δ) = 1 − P δ+1
Block (8)

. The following expressions are then obtained:

E(δ) = PBlock(1−PBlock)

1−P
δ+1
Block

∑δ

j=0 jP j−1
Block (9)
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and finally:

E(δi) =
PBlock

(1 − PBlock)
−

(δ + 1)P δ+1
Block

(1 − P δ+1
Block)

(10)

D. Definition of the objective function

We have to consider two main aspects for the evaluation of
the objective function: the throughput producedλ and the
cost to obtain itc. According to [6], the following expres-
sion is adopted:

γ(x, δ, y) =
λ(x, δ, y)

c(x, δ, y)
(11)

1) Cost evaluation

Two cost components are considered, namely [6]: a term
which takes energy consumption into account and a term
which considers the amount of wireless resources em-
ployed. Ifx is the redundancy ratio introduced by FEC and
if the aim is to transferS segments ofMSS bits size, each
segment would be transmitted in a total ofJ codewords of
lengthK(1 + x) over the wireless link, where each code-
word could be retransmitted0 ≤ δi ≤ δ times. It follows
thatS · MSS · (1 + x) · (1 + δi) bits must be transmitted.
Accordingly, the cost of the resources required to complete
the transfer is given by:

cres = Kres · S · MSS · (1 + x) · (1 + E(δi)) (12)

whereKres (expressed in bit−1) is a constant which repre-
sents the cost of the bandwidth resources required to trans-
fer a bit. For what concerns the energy, letKen, expressed
in Joule−1, denote the cost of a unit of energy. Considering
thaty/B is the energy transmitted per bit, the total energy
cost can be expressed as:

cen = Ken · S · MSS · (1 + x) · (1 + E(δi)) · y/B (13)

It follows that the cost of the transfer ofS TCP segments
can be evaluated as:

c(x, y) = cen + cres =

= S · MSS · (1 + x) · (Ken · y/B + Kres)

= S · (x + 1) · (K1y + K2) (14)

III. A NALYSIS OF THE OBJECTIVE FUNCTION

In order to analyze the behaviour of the objective func-
tion we consider two modulation formats, namely Gaus-
sian minimum shift keying (GMSK) and 8-phase shift key-
ing (8PSK), that are included in the set of allowed formats
within EDGE [18]. Moreover, in order to increase the com-
plexity of our evaluation setup, we consider first an AWGN
channel and then a Rayleigh flat fading channel.

A. Case of additive white Gaussian noise (AWGN) chan-
nel

The probability of a symbol error for the 8PSK over a link
affected only by AWGN can be expressed as follows, [19]:

PE = erfc
(√

E
N0
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(

π
8

)

)

= 2Q
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)

)
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whereE is the energy per symbol,N0 is the noise power
spectral density and8 is the size of the alphabet used for
coding. By considering the following relations:E =
PR

B
log2(8) andPR = AyGc, whereA is the path loss and

B is the bit rate, it follows that:

PE = erfc
(√

A y
N0B

K x+1
1+x

log2(8) sin
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π
8

)

)

(16)

Assuming a Gray encoding yields:

Pb ≈ PE

log2(8)
(17)

For GMSK modulation, the following expression holds true
[19]:

PE = erfc
(√

E
2N0

)

(18)

where:E = (2AyGc)/B and, when a Gray code is used,
the bit error probability can be approximated as follows :

Pb = 1
2 erfc

(√

A y
N0B

K x+1
1+x

)

(19)

B. Case of non-selective Rayleigh fading channel

Let us assume a coherent detection. Following [19], it is
possible to demonstrate that the bit error probabilities for
the examined modulation formats can be expressed as fol-
lows. For the GMSK:

Pb =
1

2

[

1 −
√

ρb

1 + ρb

]

(20)

where

ρb =
Ay Gc

N0B
2σ2 (21)

andσ2 = E(α2)/2 = 1/2. For the 8PSK:

Pb =
1

log2(8)

[

1 −
√
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]

(22)

where
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)
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IV. N UMERICAL RESULTS

For our computations we use the set of values presented in
Table I. It has to be noticed that, besides the already men-
tioned extensions, we further specify with respect to previ-
ous works [6, 7] that a fixed radio-frequency bandwidth is
assumed here, which obviously restricts the set of feasible
combinations for joint settings of various parameters. Cer-
tainly, this assumption accounts for actual operations of ra-
dio systems like GSM and EDGE, that operate with a fixed
200 kHz radio frequency bandwidth.
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Table 1: Numerical values assumed in computations.

f 1800 MHz
d 150 m
N0 1.379e(−15) (AWGN)

1.379e(−20) (fading)
B 270 kbps (GMSK)

810 kbps (8PSK)
MSS 128 byte
K 260 bit
T 100 ms
D 10 ms
T0 4 s
Wmax 128 segments
K1/K2 100 withK2 = 1

A. Case of AWGN channel

In Fig. 2 we observe that the objective function, defined
in 11, first increases to a maximum value and then reduces
with increase inx for each value of the transmission power;
while concerning with this behaviour, we usually remark
that the FEC has cleaned the radio link from TCP point of
view, [7]. Moreover, we note an increase of the objective
function with the increase of the transmission power, even
if also in this case there is a limit. In fact from Fig. 2 we ob-
serve that we can increase the value ofy up to a certain opti-
mum, beyond whichγ starts to decrease because the gain in
the objective function is outweighted by the increased cost
of utilized resources.

In Fig. 3 we plot the objective function obtained with
the introduction of the hybrid ARQ. We observe that the
maximum achievable value ofγ increases asδ increases
and less redundancy is needed. We have also demonstrated
that it not possible to have additional improvements by only
increasingδ For what concerns 8PSK the reaction to the in-
troduction of the hybrid ARQ is the same as for GMSK
(see fig. 4,5), while we observe that the maximum ofγ is
achievable for a smaller value ofx even if the performance
is strongly reduced and the transmission power required is
higher with respect to the GMSK case. These latter be-
haviour depends on the increased bit error probability of
the multilevel modulation.

B. Case of non-selective fading channel

In Fig. 6 we plot the behaviour of the objective function in a
non selective Rayleigh fading channel. We observe that the
maximum achievable value ofγ is much smaller then in the
ideal case, because the channel quality is worse. Moreover,
the value of redundancy corresponding to the maximum of
γ does not change considerably with an increase in trans-
mission power, while there are vertical translations.

Fig. 7 shows that the introduction of the hybrid ARQ
brings important improvement in the objective function’s
performance. Moreover these improvements are larger
then the corresponding ones produced in the ideal case of
AWGN channel. This is due to the ability of the ARQ to

mask the real channel quality, making TCP to experiment
a lower error probability which is a critical parameter for
FEC alone. Similar results have been obtained for 8PSK
(see Fig. 8, 9).

We notice that in this latter case the differences between
the results obtained for the two modulation formats for
transmission through a fading channel are smaller then the
ones previously obtained for the AWGN channel. This is
due to the channel contributionσ to the error probability
which is independent on the modulation used.

V. CONCLUSIONS

In this paper we have provided a performance analysis setup
for TCP over wireless: it includes joint combination of hy-
brid ARQ, power management and modulation format in
order to optimize a cost-benefit functional at the transport
level. The analytical setup also captures some features of
fading channels, while numerical results clearly evidenced
that a joint careful tuning of all components is required in
order to achieve maximum performance.

While in this paper we have been concerned with opti-
mization in a static environment, current work is focused on
actual introduction of the dynamic behavior in a mobile en-
vironment, where adaptivity can be truly exploited in vary-
ing the optimization setup during system operations and
can be eventually formalized in cross-layered architectures.
Future work also includes behaviours of UMTS WCDMA
wireless interface and the consequent MAI (Multiple Ac-
cess Interference) component induced by multi-users oper-
ations.
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Figure 3: γ for GMSK with hybrid ARQ (δ = 4) in a
AWGN channel.
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Figure 4:γ for 8PSK with FEC (δ = 0) in a AWGN chan-
nel.
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Figure 7: γ for GMSK with hybrid ARQ (δ = 4) in a
Rayleigh fading channel.
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Figure 8:γ for 8PSK with FEC alone in a Rayleigh fading
channel.
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Figure 9: γ for 8PSK with hybrid ARQ (δ = 4) in a
Rayleigh fading channel.


