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ABSTRACT

We develop a cross-layer design which combines adaptive
modulation and coding (AMC) at the physical layer with
a truncated auto repeat request (ARQ) protocol at the data
link layer, in order to maximize spectral efficiency under
prescribed delay and performance constraints. We derive
the achieved spectral efficiency in closed-form for transmis-
sions over Nakagami-m block fading channels. Numerical
results reveal that retransmissions at the data link layer al-
leviate stringent error-control requirements at the physical
layer, and thereby enable considerable spectral efficiency
gains. Diminishing returns appear on the spectral efficiency
improvement as the number of retransmissions increases,
which suggests that a small number of retransmissions strikes
a desirable delay-throughput tradeoff.

1. INTRODUCTION

To enhance throughput in future wireless communication
systems, adaptive modulation and coding (AMC) have been
advocated at the physical layer, in order to match trans-
mission rates to time-varying channel conditions based on
channel state information (CSI) at the transmitter [1]. How-
ever, to achieve high reliability at the physical layer, one has
to lower the transmission rate using either small size con-
stellations, or, powerful but low-rate error-control codes.

An alternative way to mitigate channel fading is to rely
on the ARQ protocol at the data link layer, that requests re-
transmissions only for those packets received in error. ARQ
is quite effective in improving throughput relative to using
only forward error coding (FEC) at the physical layer [5].
To minimize delays and buffer sizes, truncated ARQ proto-
cols have been adopted to limit the maximum number of re-
transmissions [5]. However, only fixed modulation and cod-
ing have been considered in systems with truncated ARQ
protocols [5].

Instead of considering AMC at the physical layer and
ARQ at the data link layer separately, we pursue here a
cross-layer design, that judiciously combines these two lay-
ers to maximize the system spectral efficiency, or through-
put, under prescribed delay and performance constraints.
With ARQ correcting occasional packet errors at the data

This work was supported by the NSF grant no. 0105612, and by the
ARL/CTA grant no. DAAD19-01-01-2-011.

Feedback Channel

Nakagami-m Block
Fading ChannelInput Output

Transmitter

Modulation-coding
Mode Controller

ARQ
 Controller

Buffer

Channel
Estimator

Receiver

ARQ
 Generator

Modulation-coding
Mode Selector

Buffer

(Selected Mode)

(Retransmission Request)

Fig. 1. The system and channel models

link layer, the stringent error control requirement is alle-
viated for the AMC at the physical layer. Depending on
the error-correcting capability of the truncated ARQ, that
depends on the maximum allowable number of retransmis-
sions, we design AMC transmissions that guarantee the re-
quired performance. We analyze the performance of this
cross-layer design, and obtain the achieved average spec-
tral efficiency in closed-form. Numerical results demon-
strate that our joint AMC-ARQ design outperforms either
usage of AMC alone at the physical layer, or, incorporation
of ARQ with a fixed modulation and coding.

2. MODELING

Consider the single-transmit single-receive antennae system
in Fig. 1. It consists of a joint adaptive modulation and cod-
ing module at the physical layer, and an ARQ module at the
data link layer (more details available in [4]). The process-
ing unit at the data link layer is a packet, which comprises
multiple information bits. On the other hand, the processing
unit at the physical layer is a frame, which is a collection
of multiple transmitted symbols. The detailed packet and
frame structures used in this paper will be clarified soon.

At the physical layer, we assume that multiple trans-
mission modes are available, which comprising a specific
modulation and FEC code pair (mode), as in HIPERLAN/2
and IEEE 802.11a standards [3]. Based on CSI acquired at
the receiver, the AMC selector determines the mode, which
is sent back to the transmitter through a feedback channel.
The AMC controller then updates the transmission mode
at the transmitter. Coherent demodulation and maximum-



Table 1. Transmission modes in TM with convolutionally coded modulation

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
Modulation BPSK QPSK QPSK 16-QAM 16-QAM 64-QAM

Coding rate Rc 1/2 1/2 3/4 9/16 3/4 3/4
Rate (bits/sym.) 0.50 1.00 1.50 2.25 3.00 4.50

an 274.7229 90.2514 67.6181 50.1222 53.3987 35.3508
gn 7.9932 3.4998 1.6883 0.6644 0.3756 0.0900

γpn(dB) -1.5331 1.0942 3.9722 7.7021 10.2488 15.9784

(The generator polynomial of the mother code is g = [133, 171]. Different coding rates are obtained with puncturing as in HIPERLAN/2.)
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likelihood (ML) decoding are used at the receiver. The de-
coded bit streams are mapped to packets, which are pushed
upwards to the data link layer.

At the data link layer, the selective repeat ARQ protocol
is implemented. If an error is detected in a packet, a retrans-
mission request is generated by the ARQ generator, and is
communicated to the ARQ controller at the transmitter via
a feedback channel; otherwise, no retransmission request is
sent. The ARQ controller then arranges retransmission of
the requested packet that is stored in the buffer.

We next detail the parameters of both physical and data
link layers. At the physical layer, we consider here the fol-
lowing group of transmission modes:
TM: Convolutionally coded BPSK, QPSK, or QAM modu-
lations, adopted from the HIPERLAN/2, or, IEEE 802.11a
standards [3]. These transmission modes are listed in Table
1, in a rate ascending order.
Although we will focus on TM in this paper, other transmis-
sion modes can be similarly constructed [4].

At the physical layer, we deal with frame by frame trans-
missions, where each frame contains a fixed (Nf ) number
of symbols. Each frame at the physical layer may contain
multiple packets from the data link layer. The packet and
frame structures are depicted in Fig. 2. Each packet con-

tains Np bits, which include serial number, payload, and
cyclic redundancy check (CRC) bits to facilitate error de-
tection. After modulation and coding with mode n of rate
Rn (bits/symbol), each packet is mapped to a symbol-block
containing Np/Rn symbols. Multiple such blocks, together
with Nc pilot symbols and control parts, constitute one frame
to be transmitted at the physical layer, as in HIPERLAN/2
and IEEE 802.11a standards [3]. If mode n is used, it fol-
lows that the number of symbols per frame is Nf = Nc +
NbNp/Rn, which implies that Nb (the number of packets
per frame) depends on the chosen mode.

We next list our operating assumptions:
A1: The channel is frequency flat, and remains invariant
per frame, but is allowed to vary from frame to frame, as
the block fading channel model [2]. Thus, AMC is adjusted
on a frame-by-frame basis.
A2: Perfect CSI is available at the receiver and the corre-
sponding mode selection is fed back to the transmitter with-
out error and latency, as in [1].
A3: Error detection based on CRC is perfect, and the serial
number and the CRC parity bits in each packet are not in-
cluded in the throughput calculation, as in [6].
A4: The fading channel coefficients corresponding to the
original and the retransmitted packets are independent and
identically distributed (i.i.d.) random variables.

The round trip delay in ARQ is the time elapsed from
sending the retransmission request until receiving the re-
transmitted packet. It mainly depends on the coding and
decoding delays, as well as the queuing delays at both the
transmitter and the receiver. In general, round trip delays are
larger than the channel coherence time. Hence, the channels
experienced by the original packet and the possible subse-
quent retransmissions can be assumed i.i.d., which justifies
well A4.

For flat fading channels adhering to A1, the channel
quality can be captured by the received signal to noise ratio
(SNR) γ. Because it models a large class of fading chan-
nels, we adopt the general Nakagami-m model to describe
γ statistically with a probability density function [1]:

pγ(γ) =
mmγm−1

γ̄mΓ(m)
exp

(
−mγ

γ̄

)
, (1)

where γ̄ := E{γ} is the average receive SNR, Γ(m) :=



∫ ∞
0

tm−1e−tdt is the Gamma function, and m is the Nak-
agami fading parameter (m ≥ 1/2).

3. COMBINING AMC WITH TRUNCATED ARQ

Here, we develop our cross-layer design, which combines
AMC at the physical layer with truncated ARQ at the data
link layer. Because only finite delays and buffer sizes can be
afforded in practice, the maximum number of ARQ retrans-
missions is bounded. Thus, we adopt the following delay
constraint:
C1: The maximum number of retransmissions allowed per
packet is Nmax

r .
Since only finite retransmissions are allowed, error-free

delivery can not be guaranteed [5]. Therefore, if a packet is
not received correctly after Nmax

r retransmissions, we drop
it, and declare packet loss. This is very reasonable and can
be afforded in video/image transmissions because the un-
derlying bit streams are highly correlated. To maintain an
acceptable packet stream, we impose the following perfor-
mance constraint:
C2: The probability of packet loss after Nmax

r retransmis-
sions is no larger than P1oss.

The delay constraint C1 dictates that truncated ARQ
with up to Nmax

r retransmissions should be performed at
the data link layer. The special case with Nmax

r = 0 cor-
responds to no retransmission, and we term it AMC-only.
Having specified ARQ at the data link layer, we next design
the AMC at the physical layer.

3.1. Performance Requirement at the Physical Layer

We first determine how reliable performance is needed at
the physical layer to meet C2, given that Nmax

r -truncated
ARQ is implemented at the data link layer.

Suppose that AMC achieves an average packet error rate
(PER) P0, and a packet is dropped if it is not received cor-
rectly after (Nmax

r + 1) transmissions. Per A4, the packet
loss probability at the data link layer can be computed as
PNmax

r +1
0 . To satisfy C2, we need to impose: PNmax

r +1
0 ≤

P1oss. Thus, we obtain:

P0 ≤ P
1

Nmax
r +1

loss := Ptarget. (2)

Therefore, if we use AMC to realize P0 bounded as in
(2), and implement a Nmax

r -truncated ARQ, then both C1
and C2 will be satisfied. Our remaining problem is to design
AMC to maximize spectral efficiency while ensuring that
P0 satisfies (2).

3.2. AMC Design at the Physical Layer

Our objective here is to maximize the data rate, while main-
taining the required performance at the physical layer. As in
[1], we assume constant power transmission, and partition
the total SNR range into N +1 non-overlapping consecutive

intervals, with boundary points denoted as {γn}N+1
n=0 , where

N = 6 is the total number of transmission modes for TM.
Specifically,

mode n is chosen, when γ ∈ [γn, γn+1). (3)

To avoid deep channel fades, no payload bits will be sent
when γ0 ≤ γ < γ1. What remains now is to determine the
boundary points {γn}N+1

n=0 to meet the required PER.
To simplify the AMC design, we will rely on the follow-

ing approximate PER expression [4]:

PERn(γ) ≈
{

1, if 0 < γ < γpn,

an exp (−gnγ) , if γ ≥ γpn,
(4)

where n is the mode index. Parameters an, gn, and γpn in
(4) are mode-dependent, and are obtained by fitting (4) to
the exact PER [4]. They are listed in Table 1 for the trans-
mission modes in TM, with a packet length Np = 1, 080.

We set the region boundary (or the switching threshold)
γn for the transmission mode n to be the minimum SNR
required to achieve Ptarget. In general, the required PER in
(2) satisfies Ptarget < 1. From (4), we obtain:

γ0 = 0, γN+1 = +∞,

γn =
1
gn

ln
(

an

Ptarget

)
, n = 1, 2, . . . , N.

(5)

With γn specified by (5), one can verify that the AMC in
(3) guarantees the PER in (2), and maximizes the spectral
efficiency, for the given finite transmission modes.

Summarizing our results in the previous and this sub-
section, the AMC is designed following these steps:
Step 1: Given C1 and C2, determine the Ptarget from (2);
Step 2: For this Ptarget, determine {γn}N+1

n=0 via (5).
The proposed cross-layer design hence leads to the fol-

lowing operating stages in the overall system:
Stage 1: Update transmission modes for each frame by us-
ing AMC as in (3).
Stage 2: Retransmit error packets by Nmax

r -truncated ARQ.

4. PERFORMANCE ANALYSIS

In this section, we derive the average PER and the spec-
tral efficiency of our cross-layer design, as well as those for
truncated ARQ with a fixed mode; we term it ARQ-only.

4.1. Combined AMC with truncated ARQ

Because both the constant power and the transmission modes
have finite granularity, the actual average PER at the physi-
cal layer will generally end up being lower than Ptarget.

According to the AMC rule in (3), the transmission mode
and thus the instantaneous PER depend on the receive SNR



γ. Letting PER(γ) denote the instantaneous PER, we ob-
tain the average PER as:

PER =
∫ ∞

0

PER(γ)pγ(γ)dγ. (6)

Since Ptarget < 1, in general we have γpn < γn for the γn

chosen in (5). Based on (1) and (4), we simplify (6) as [4]:

PER =
N∑

n=1

∫ γn+1

γn

an exp(−gnγ)pγ(γ)dγ (7)

=
N∑

n=1

[
an

Γ(m)

(
m

γ̄

)m Γ(m, bnγn) − Γ(m, bnγn+1)
(bn)m

]
,

where bn := m/γ̄ + gn, and Γ(m,x) :=
∫ ∞

x
tm−1e−tdt is

the complementary incomplete Gamma function.
For notational brevity, let us define p := PER. Since

Nmax
r -truncated ARQ is implemented, the average number

of transmissions per packet can be found per A4 as [4]:

N(p,Nmax
r ) = 1 + p + p2 + · · ·+ pNmax

r =
1 − pNmax

r +1

1 − p
.

(8)
With the average PER in (7), the actual packet loss proba-
bility at the data link layer with Nmax

r -truncated ARQ is:

Pactual loss = pNmax
r +1 ≤ PNmax

r +1
target := P1oss, (9)

which guarantees C2.
With C1 and C2 satisfied, we are now ready to evalu-

ate the achieved system spectral efficiency. From (3), the
transmission mode n will be chosen with probability [1, 4]:

Pr(n) =
∫ γn+1

γn

pγ(γ)dγ =
Γ(m, mγn

γ̄ ) − Γ(m, mγn+1
γ̄ )

Γ(m)
.

(10)

When mode n is used, each transmitted symbol will carry
Rn = Rc log2(Mn) information bits. Therefore, the aver-
age spectral efficiency achieved at the physical layer with-
out packet retransmission is (analogous to [1] where only
physical layer AMC design is considered):

Se,physical =
N∑

n=1

RnPr(n). (11)

With the truncated ARQ, each packet, and thus each infor-
mation bit, is equivalently transmitted N(p,Nmax

r ) times.
The overall average spectral efficiency is thus:

Se(Nmax
r ) =

Se,physical

N(p,Nmax
r )

=
∑N

n=1 RnPr(n)
N(p,Nmax

r )
. (12)

When Nmax
r = 0, we have N(p,Nmax

r = 0) = 1 from
(8). Hence, the average spectral efficiency for the special

case of AMC-only is:

Se(Nmax
r = 0) =

N∑
n=1

RnPr(n). (13)

The form in (13) is in agreement with [1], where the AMC
design is considered only at the physical layer.

4.2. Truncated ARQ-only

In the truncated ARQ-only, CSI is not exploited at the trans-
mitter, for each transmission mode. We have to evaluate the
spectral efficiency for each mode separately.

Suppose that the transmission mode n is adopted. The
average PER at the physical layer can be computed based
on (1) and (4) as [4]:

PERn =
∫ ∞

0

PERn(γ) pγ(γ)dγ (14)

=
∫ γpn

0

pγ(γ)dγ +
∫ ∞

γpn

an exp(−gnγ) pγ(γ)dγ

= 1 − Γ(m,mγpn/γ̄)
Γ(m)

+
an

Γ(m)

(
m

γ̄

)m Γ(m, bnγpn)
(bn)m

.

For notational brevity, let qn := PERn. Under C1, the
average number of transmissions per packet is thus:

N(qn, Nmax
r ) = 1+qn+q2

n+· · ·+q
Nmax

r
n =

1 − q
Nmax

r +1
n

1 − qn
.

(15)
Mimicking the derivation of (12), the average spectral effi-
ciency of mode n with Nmax

r -truncated ARQ is:

Se,n(Nmax
r ) =

Rn

N(qn, Nmax
r )

. (16)

The packet loss probability after a maximum number of
Nmax

r retransmissions is:

Pn,ARQ = q
Nmax

r +1
n . (17)

Notice that without adapting to the instantaneous SNR,
the actual packet loss probability Pn,ARQ for mode n is not
guaranteed to be less than P1oss, for the entire range of the
average SNR γ̄. For each average SNR γ̄, we evaluate (14)
and (17), and test if C2 is satisfied. Numerically, we have
identified that there exists a threshold γ̄n,th for mode n, for
which C2 is guaranteed when γ̄ ≥ γ̄n,th, while C2 is not
satisfied when γ̄ < γ̄n,th. We are only interested in finding
the average spectral efficiency for the SNR range γ̄ ≥ γ̄n,th,
that C2 is guaranteed. In summary, the average spectral ef-
ficiency for the truncated ARQ-only under C1 and C2 is
determined as:

Se,n(Nmax
r ) =

{
0, γ̄ < γ̄n,th

Rn

N(qn,Nmax
r )

, γ̄ ≥ γ̄n,th
. (18)

Our closed-form expressions for the spectral efficiencies
in (12), (13), (18), and for the average PER in (7), will facil-
itate the numerical performance testing in the next section.
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5. NUMERICAL RESULTS

Test Case 1 (Dependence on the maximum number of re-
transmissions Nmax

r ): We adopt Np = 1, 080, and let the
performance constraint in C2 be P1oss = 0.01. We set the
Nakagami fading parameter m = 1, which corresponds to a
Rayleigh fading channel. With Nmax

r varying from 0 to 3,
we depict the corresponding spectral efficiencies in Fig. 3.

From Fig. 3, we observe that the average spectral effi-
ciency with combined AMC-ARQ exceeds that of the AMC-
only by 0.25 bits per transmitted symbol, using only one re-
transmission (Nmax

r = 1). This implies a significant rate
enhancement. For example, in the HIPERLAN/2 standard,
where the symbol rate is 12M symbols/s [3], combining
AMC with truncated ARQ leads to an approximate 3Mbits/s
increase in transmission rate with only one retransmission.

We observe that the spectral efficiency improves with in-
creasing Nmax

r . However, the increment degrades quickly,
and “diminishing returns” appear. This implies that the max-
imum number of retransmissions, need not be arbitrarily
large. Small number of retransmissions can achieve suf-
ficient spectral efficiency gains. They incur smaller delay
and buffer-size penalties, and thus lead to improved delay-
throughput tradeoffs.

The average packet error rate at the physical layer is de-
picted in Fig. 4. It explains why increasing Nmax

r allows for
spectral efficiency improvement. As Nmax

r increases, the
error-correcting capability of the truncated ARQ increases,
which relieves the physical layer from stringent error cor-
rection requirements. With a lower performance require-
ment, transmission rates can be increased at the physical
layer, which in turn leads to the overall spectral efficiency
improvement. This gain is introduced by relaxing the sys-
tem delay requirement in C1; thus, a tradeoff between delay
and throughput emerges.
Test Case 2 (Comparison with truncated ARQ-only): With
Nmax

r = 3 and m = 1, the spectral efficiencies of the trun-
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Fig. 4. The packet error rate at the physical layer

cated ARQ-only with different modes from TM are depicted
in Fig. 3. Allowing for more retransmissions, the spectral
efficiency with Nmax

r = 3 should be greater than those cor-
responding to Nmax

r < 3, whose plots are omitted due to
lack of space. It is clear that combining AMC with trun-
cated ARQ offers much higher spectral efficiency than the
truncated ARQ with fixed transmission mode, thanks to the
exploitation of the channel knowledge at the transmitter.
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