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Abstract—In a single-input single-output (SISO) downlink with
multiple users, to obtain the multiuser diversity gain, the full
channel state information (CSI) of all users is required for
selecting the desired user and transmission mode. However,
feedback channels are often capable of carrying only a limited
number of bits. With such rate limited feedback links, we intend
to maximize the average throughput of each user by designing
transmit power levels, signal constellations and feedback thresh-
olds jointly. Both un-coded adaptive M-ary quadrature ampli-
tude modulation (MQAM) and adaptive trellis-coded modulation
(TCM) are investigated. A nested iterative algorithm is proposed
to obtain a finite number of transmission modes and thresholds.
Optimization in the heterogeneous network is also considered.
Simulation results demonstrate a small number of feedback bits
make the throughput approach to that with perfect CSI. As
the number of users increases, the multiuser diversity gain is
achieved and the average feedback load of each user is reduced.

Index Terms—Broadcast channels, finite-rate feedback, adap-
tive modulation.

I. INTRODUCTION

THE DUALITY of broadcast channels and multiple-access
channels reveals, in SISO systems, the sum capacity of

broadcast channels can be achieved by a simple time divi-
sion multiple access (TDMA) strategy: at each fading state,
transmit to the user with the strongest channel [1]. Compared
with non-faded downlink channels, a system with multiple
users with independently varying channels achieves log K
signal-to-noise ratio (SNR) gain (K is the number of users),
which is referred to as the multiuser diversity gain. To extract
such multiuser diversity benefits, the system requires that each
user track its own carrier-to-noise ratio (CNR) and feed back
the instantaneous channel quality to the transmitter. However,
when the number of simultaneously active users is large, too
much overhead information will be transmitted before useful
data and a significant delay is incurred. Specifically, in a
bandwidth limited system, the feedback channel is only able
to convey a finite number of bits per block, which makes the
multiuser diversity impractical.

In multiuser diversity systems, it is observed that the sched-
uled user is bound to have a ”good enough” channel, which
gives the opportunity to greatly reduce the number of users
feeding back CSI. By designing an (or multiple) appropriate
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threshold(s), only the users with CNR above the threshold
need feed information back to the scheduler [2],[3]. Another
candidate scheme to reduce the feedback burden is via a proper
quantization. The impact of the CNR quantization on the
system throughput was investigated in [4] without considering
the optimal design of quantization levels. Further schemes,
i.e., 1-bit feedback, were recently proposed in [5], [6]. It
was shown that the ergodic sum-capacity grows as log log K
even if the feedback rate is reduced to 1-bit per user per
block. The 1-bit feedback schemes in [5] and [6] only provide
user selection information for the transmitter. However, in
adaptive links, the transmitter also adapts the encoding mode,
modulation constellation, and transmit power level according
to feedback information. It motivates our research about how
much feedback the throughput gain is really worth in adaptive
multiuser systems.

Adaptive transmission schemes have been applied to point-
to-point systems widely [7]-[11]. By assuming perfect CSI
at the transmitter, the data rate and transmit power were
adjusted to maximize the spectral efficiency [7], [8]. Adaptive
transmission with discrete code rates and power levels was
investigated when partial CSI is available at the transmitter
[9], [10]. Because the transmitter cannot continuously adapt
encoding rates and modulation constellations, some practical
adaptation design issues were concerned in [11].

In this paper, we investigate the adaptation design in mul-
tiuser systems based on finite-rate feedback. Only users whose
normalized CNRs are above the lowest boundary feed back
their indexes which indicate the regions that CNRs lie in, and
the other users remain silent. Subject to the predefined BER
and transmit power constraints, our goal is to find an optimal
set of MQAM constellations, thresholds, and power adaptation
schemes in order to maximize the average spectral efficiency
of broadcast channels under rate-constrained feedback links. A
nested iterative approach is developed to obtain optimal thresh-
olds and transmission modes in both uncoded modulation case
and trellis-coded adaptive MQAM case. Meanwhile, a set of
capacity-achieving codes, thresholds and transmit power levels
are obtained by using the same way. Simulation results show
that, the system suffers only a small throughput penalty with
the finite feedback rate (at most one or two bits per user per
block). Furthermore, the average feedback load decreases as
the number of users increases.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

Consider a single cell broadcast channel with K single-
antenna receivers and a single-antenna transmitter. It is as-
sumed that all users experience block-Rayleigh fading inde-
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pendently. Letting rk denote the instantaneous carrier-to-noise
ratio (CNR) of the k-th user, the average CNR and normalized
CNR of the k-th user are defined as r̄k � E(rk), and
xk � rk/r̄k, respectively. We assume all users have the same
average CNR, i.e., r̄k = r̄, and the extension to heterogeneous
networks is postponed until section V. Due to the Rayleigh
fading assumption, xk is exponentially distributed, and its
probability density function (PDF) fxk

(t) = e−t, t � 0.
Each user is aware of its own fading (r̄, xk) only and uses a

low-rate, error-free, zero-delay feedback link to convey at most
B bits per block to the transmitter. To comply with the ca-
pacity constraint of the feedback channel, user k quantizes its
normalized CNR xk . The range of xk is partitioned into N+1
(N = 2B) consecutive regions [0, γ1), [γ1, γ2), · · · , [γN ,∞),
where {γn}N

n=1 are thresholds (all users employ the same par-
tition). For notation brevity, we define γ0 = 0 and γN+1 = ∞.
Similar to the selective feedback scheme presented in [2], if
xk � γ1, user k feeds back an index n ∈ {1, · · · , N} to the
transmitter indicating that xk ∈ [γn, γn+1); otherwise user k
remains silent.

In each scheduling round, the transmitter randomly picks
one user from the users with the largest feedback index. If
no user feeds back information, the transmission is disabled.
Obviously, under the proposed feedback and scheduling strat-
egy, the fairness is guaranteed, i.e., all users have the same
probability to be scheduled.

According to the feedback index of the scheduled user,
the transmitter adaptively changes the transmission mode.
Specifically, N transmission modes {(bk,n, Pk,n)}N

n=1 are
designed for user k in advance, where bk,n and Pk,n are the
information rate and transmit power corresponding to index
n, respectively. If user k with feedback index n is scheduled,
information symbols are generated according to transmission
mode (bk,n, Pk,n) and transmitted to user k. The receive SNR
of user k, termed post-adaptation ρk,n is then given by
Pk,n r̄ xk.

B. Problem formulation

In this paper, our goal is to jointly design the thresholds and
transmission modes to maximize the average transmission rate
of user k, subject to power and BER constraints. The average
transmission rate of user k can be written as

Rk =
N∑

n=1
bk,n Pr

{
user k is scheduled

∣∣ xk ∈ [γn, γn+1)
}

Pr{xk ∈ [γn, γn+1)}

=
N∑

n=1

bk,n

K {(1 − e−γn+1)K − (1 − e−γn)K}

=
N∑

n=1

bk,nαn (1)

where the second equality follows from [4], and αn �
1
K {(1 − e−γn+1)K − (1 − e−γn)K}. Similarly, the average

transmit power of user k is
N∑

n=1
Pk,nαn. To simplify the

adaptive transceiver design, we adopt the following unifying
BER approximation for all QAM constellations [13]

BER ≈ 0.2 exp(−gk,nρk,n) (2)

where gk,n = 1.5/(2bk,n − 1) for square M -QAM and
gk,n = 1.2/(2bk,n −0.8) for rectangular M -QAM. As [7] and
[12], we focus on data communications with ”zero information
outage”, which means each scheduled user must satisfy the
instantaneous BER requirement. Note that there is no decoding
error and no outage when no transmission occurs. To maintain
a target BER for each user, we define BERk,n as the worst
BER of user k over the region n, i.e.,

BERk,n = max
xk∈[γn,γn+1)

BER

= 0.2 exp(−gk,n Pk,n r̄ γn). (3)

Let Pbg and BERtg stand for the average power budget
and target BER of each user. Our ultimate objective is to
find out optimal thresholds {γn}N

n=1 and transmission modes
{(bk,n, Pk,n)}N

n=1 to

maximize Rk =
N∑

n=1

αnbk,n (4a)

subject to 1.

N∑
n=1

αnPk,n ≤ Pbg (4b)

2. BERk,n = 0.2 exp(−gk,nPk,nr̄γn) ≤ BERtg,

∀n (4c)

3.
bk,n > 0 (continuous rate)
bk,n ∈ {1, 2, · · ·} (discrete rate) , ∀n.

(4d)

Note that the user index k in (4a)-(4d) is a dummy variable,
because the maximization problem is identical for all k.
Hence, we can omit the user index k in (4a)-(4d), and rewrite
the transmission modes and average transmission rate as
{(bn, Pn)}N

n=1 and R. Consequently, the average throughput
of the system is KR.

III. DESIGN OF TRANSMISSION MODES AND FEEDBACK

THRESHOLDS IN ADAPTIVE MODULATION SYSTEMS

Equ. (4a)-(4d) provide a problem formulation whose closed-
form solution is so hard to obtain that we resort to the
suboptimal iterative algorithm. Firstly, the continuous-rate
system design is implemented. Generally, it is difficult to vary
the information rate on a continuous rate. However, the derived
result provides intuition and guideline for a practical discrete
rate system. Then by utilizing the results from the continuous-
rate case, we carry out the discrete-rate system design.

A. the continuous-rate case

When BERn equals BERtg, a system reaches the maximum
transmission rate. Thus, by inverting the BER formulation
(4c), one could find an approximation for bn

bn = log2(1 + 1.5Pnr̄γn

− ln(5BERtg)
). (5)

Replacing (5) in (4a), for an arbitrary power budget PT, the
problem can be reformulated as

minimize −
N∑

n=1
αn log2(1 + 1.5Pnr̄γn

− ln(5BERtg)
)

subject to
N∑

n=1

αnPn = PT. (6)
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Let D(PT) be the minimum value of (6) with a power budget
PT. According to [10], we have Lemma 1, which is a basis of
the optimization algorithm.

Lemma 1: D(PT) is monotonically decreasing and differen-
tiable with PT. Furthermore, D(PT) is convex.

So, we transform (6) to an unconstrained optimization
problem by constructing the Lagrangian

J (λ) = −
N∑

n=1
αn log2(1 + 1.5Pnr̄γn

− ln(5BERtg)
) + λ

N∑
n=1

αnPn. (7)

By minimizing J(λ), we can find an optimal operation
point (D(PT(λ)), PT(λ)) on the D-PT plane, such that
∂D(PT)/∂PT|PT=PT(λ) = −λ. Due to the power con-
straint in (4b), we need to find optimal λ0 to make
∂D(PT)/∂PT|PT=Pbg

= −λ0. As in [10], the bisection search
algorithm is adopted to locate the optimal λ0. In the following,
we firstly introduce the sub-algorithm to minimize (7) for
a given λ. Based on the sub-algorithm, a nested iterative
algorithm is then presented.

Letting A = 1.5r̄
− ln(5BERtg)

, the power control that minimizes
(7) follows the water-filling principle

∂J
∂Pn

= 0 ⇒ Pn = ( 1
λ ln 2 − 1

Aγn
)+. (8)

Then, the optimal region boundaries can be obtained by
solving the following equalities

∂J
∂γn

= 0, n = 1, · · · , N − 1. (9)

For a given λ, we aim at seeking {γn, Pn}N
n=1 to make

∂J
∂γN

= 0 . By initializing γ1, one can successively compute
γ2, · · · , γN , P1, · · · , PN using (8) and (9). Thus, ∂J

∂γN
= 0 is

a nonlinear equation with respect to γ1. We observe that for
many given λ, ∂J

∂γN
= 0 appears to have a unique solution.

The detailed procedures for the sub-algorithm (named SF-C)
and the nested iterative algorithm are summarized in Table
1-algorithm 1.

B. The discrete-rate case

For clarity, the transmission rate in the discrete-rate case is
defined as b̃n, n = 1, · · · , N , which is restricted to the set
R = {1, 2, 3, · · · }. Utilizing the bit loading result {bn}N

n=1

from continuous rate design, we determine the {b̃n}N
n=1 of

discrete rate design by rounding bn, n = 1, · · · , N to the
nearest integer in set R. Therefore, there are M (M < 2N )
possible bit loading schemes (in practice, the number of
reasonable bit loading scheme is far less than 2N . For example,
b̃n should be no smaller than b̃n−1). Let the mth bit loading
scheme and corresponding thresholds, transmit powers and
average transmission rate be {b̃(m)

n }N
n=1, {γ(m)

n , P
(m)
n }N

n=1 and
R(m), m = 1, · · · , M . In the following, we introduce the
algorithm to maximize R(m) given the mth bit loading scheme
{b̃(m)

n }N
n=1 and power budget.

To satisfy the BER requirement, we propose the power
control policy by inverting (4c)

P (m)
n =

{
(2b̃(m)

n − 1)/Aγ(m)
n b̃(m)

n is an even number

(2b̃(m)
n − 0.8)/Bγ(m)

n b̃(m)
n is an odd number

(10)

TABLE I
ALGORITHMS FOR CONTINUOUS RATE CASE AND DISCRETE RATE CASE

Algorithm 1: Sub-algorithm to minimize (7) and nested iterative algorithm
Sub-funcion in continuous rate case (SF-C)
1. Choose γ1,L > λ ln 2

A
to make ∂J

∂γN
> 0;

choose a proper γ1,H to make ∂J
∂γN

< 0;

2. Determine {Pn}N
n=1 and {γn}N

n=2 successively according to

(8) and (9) with γ1 ⇐ γ1,L+γ1,H

2
;

3. Replace γN+1 = +∞ in ∂J
∂γN

to check the equality:

IF
∣∣∣ ∂J
∂γN

∣∣∣ � ε → 0, THEN exit;

ELSE IF ∂J
∂γN

> 0,THEN γ1,L ⇐ γ1 and go to 2;
ELSE γ1,H ⇐ γ1 and go to 2.

Main-function(bisection search algorithm)
1. Initialization. Choose a proper λlo and apply SF-C to obtain PT (λlo)

and D(PT (λlo)), make sure PT (λlo) < Pbg; choose another λhi to
obtain PT (λhi) and D(PT(λhi)), make sure PT(λhi) > Pbg;

2. Update the lagrange multiplier using: λn =
D(PT(λhi))−D(PT(λlo))

PT(λhi)−PT(λlo)
;

3. Apply the SF-C with λn to obtain PT(λn) and D(PT(λn));
4. IF

∣∣PT(λn) − Pbg
∣∣ < ε → 0, THEN exit;

ELSE IF PT(λn) > Pbg, THEN PT(λhi) ⇐ PT(λn),
D(PT(λhi)) ⇐ D(PT(λn)) and go back to 2;

ELSE PT(λlo) ⇐ PT(λn), D(PT(λlo)) ⇐ D(PT(λn))
and go back to 2.

Algorithm 2: Nested iterative algorithm for discrete rate case

1. Initialization. z ⇐ 0, Dmin ⇐ +∞, γ∗
n ⇐ 0, P ∗

n ⇐ 0,
n = 1, · · · , N ;

2. z ⇐ z + 1, Choose the zth bit loading scheme;
3. For a given λ, apply SF-D to find {γn}N

n=1 and calculate
corresponding {Pn}N

n=1, PT(λ) and D(PT(λ));
Apply bisection search algorithm to update λ;

4. IF
∣∣PT(λ) − Pbg

∣∣ < ε → 0, THEN exit; ELSE go to 3.
5. IF D(Pbg) < Dmin, THEN γ∗

n ⇐ γn, P ∗
n ⇐ Pn,

Dmin ⇐ D(Pbg), n = 1, · · · , N ;
6. IF z = the number of available integer-bit loading schemes,

THEN exit; ELSE go to 2.

where A = 1.5r̄
− ln(5BERtg)

, B = 1.2r̄
− ln(5BERtg)

. Thus, for a given

bit loading scheme {b̃(m)
n }N

n=1 and power budget PT, the
optimization problem can be expressed as

minimize−
N∑

n=1

αnb̃(m)
n

subject to
N∑

n=1

αn(2b̃(m)
n − cn)/dnγ(m)

n = PT (11)

where cn = 1, dn = A, if b̃n is an even number, else
cn = 0.8, dn = B. (11) can be turned to an unconstrained
optimization problem by constructing the Lagrangian

J (λ) = −
N∑

n=1

αnb̃(m)
n + λ

N∑
n=1

αn(2b̃(m)
n − cn)/dnγ(m)

n .

(12)
Let D(PT) be the minimum value of (11) with a power budget
PT. Note that for any bit loading scheme, the same result about
D(PT) as that in Lemma 1 exists. This makes the bisection
search algorithm applicable, as in the continuous-rate case.

For a given λ, differentiating (12) with respect to γ
(m)
n , one

obtains

∂J

∂γ
(m)
n

= 0, n = 1, · · · , N − 1. (13)
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As discussed below (9), ∂J

∂γ
(m)
N

= 0 can be regarded as

a nonlinear equation with respect to γ
(m)
1 . So an iterative

algorithm (named SF-D) similar to SF-C in algorithm 1 is used
to find the optimal thresholds. We skip the detailed description
for brevity. The bisection search algorithm is adopted to locate
the optimal λ0 to satisfy PT(λ0) = Pbg.

The algorithm described above has to be implemented M

times to get M possible solutions {γ(m)
n , b̃

(m)
n , P

(m)
n }N

n=1s and
transmission rates R(m)s (m = 1, · · · , M ). The index of
the optimal solution equals argmaxmR(m). In summary, the
optimization algorithm for discrete rate case is illustrated in
Table. 1-algorithm 2.

Finally, we stress that the entire design procedure will be
performed offline. Given the number of users and the operating
SNR, the optimal thresholds and transmission modes can be
obtained in advance so that the optimization is not required
in real time.

IV. DESIGN OF TRANSMISSION MODES AND FEEDBACK

THRESHOLDS IN CODED MODULATION SYSTEMS

A. TCM

In this subsection, we consider 2L-dimension (2L-D) TCM
where L is some positive integer [14]. For L = 1, the
coding scheme reduces to 2-D trellis codes in [8]. As in [8],
[13], we focus on adaptive TCM, where a fixed trellis code
is superimposed on uncoded adaptive modulation for fading
channels. At the transmitter, all users employ trellis encoders
with the same structure so that the same Viterbi decoder can
be used at different receivers.

Each fading region is assigned one 2L-D trellis code. When
xk ∈ [γn, γn+1), the signal constellation for code n is given
by the L-fold Cartesian product of a 2-D signal set with size
2bn . Each time Lbn − 1 bits pass through encoder to generate
Lbn bits. The coded bits are then mapped onto L 2-D 2bn -
QAM symbols. Thus, the average information rate of user k
is

Rk =
N∑

n=1

(bn − 1/L)αn (14)

We adopt the approximate BER for 2L-D trellis-coded
MQAM as [14]

BER ≈ cn exp(−βngnρn) (15)
where cn and βn depend on the chosen trellis code and the
signal constellation. cn and βn in 4-D trellis code can be
found in [14]. Similar to the formulation in (4a)-(4d), our
ultimate objective is to find optimal thresholds {γn}N

n=1 and
transmission modes {(bn, Pn)}N

n=1 to maximize Rk, subject

to 1.
N∑

n=1
αnPn � Pbg; 2. BERn = cn exp (−βngnr̄γnPn) �

BERtg; 3. bn ∈ {1, 2, 3, · · · }. It is straightforward to apply the
optimization algorithm in section III to solve this problem.

Particularly, in section VI we consider a 2-D eight-state
TCM using a core rate 2/3 encoder. Out of bn−1 information
bits, 2 bits enter the encoder to produce 3 coded bits to
choose a subset from the partition of the signal constellation.
The remaining bn − 3 bits are used to specify one 2bn-QAM
signal from the selected subset. To guarantee that each subset

contains at least one point, the constellations with size ≥ 8
are chosen. For such a TCM, cn = 6 and βn = 5 for all
constellations [13]. To satisfy the BER constraint, we assume
all dominating errors events are confined within one feedback
interval.

B. Capacity-achieving codes

In subsection A, the optimization of thresholds and trans-
mission modes is under BER constraints for real constella-
tions. In this subsection, we follow the ”zero information
outage” philosophy [7], [12] and find a set of capacity-
achieving rates {Cn}N

n=1, thresholds {γn}N
n=1, and power

levels {Pn}N
n=1 to maximum the average reliable throughput

of each user. Using the result of [9], data should only be
buffered when max xk < γ1. In the other normalized CNR
regions, the assigned rate supports the worst channel state of
that region. The problem is formulated as

maximize C =
N∑

n=1

αnCn =
N∑

n=1

αn log2 (1 + Pnr̄γn)

subject to
N∑

n=1

αnPn � Pbg. (16)

By applying the same optimization algorithm as that in A, we
can get a set of optimal {Cn, γn, Pn}N

n=1.

V. EXTENSION TO THE HETEROGENEOUS NETWORK

Obviously, the scheduling algorithm proposed in section
II can guarantee the fairness in the heterogeneous network
with different average CNRs. Assume that all users deploy
same feedback thresholds {γ̃n}N

n=1. Forward power control is
used to guarantee that the average receive SNR of each user
is equal, i.e., P bg

k = r̄Pbg/r̄k, where P bg
k denote the power

budget of user k. The optimization problem can be expressed
using (4a)-(4d) with the substitution r̄ → r̄k, Pbg → P

bg
k . It is

observed that the optimization results from the homogeneous
network can be readily applied to the heterogeneous network
with γ̃n = γn, bk,n = bn, Pk,n = r̄Pn/r̄k.

VI. NUMERICAL RESULTS

In this section, we present numerical results for multiuser
systems with finite-rate feedback. Due to the similarity of the
design between in the homogeneous network and heteroge-
neous network, we only give the results in the homogeneous
network. We set r̄ = 1. The average throughput of the
system is KR. QAM constellations with size 2i, i ∈ [1, 8]
are available. The thresholds and transmission modes for both
continuous rate case and discrete rate case are designed by
Algorithm 1 and 2. For example, the optimal values of the 3-
tuple (threshold, constellation, transmit power) in the system
with Pbg = 10dB, BER = 10−3, K = 10 are

• B = 1 case: (1.54, 4QAM, 8.38dB), (3.11, 16QAM,
13.21dB)

• B = 2 case: (1.27, 4QAM, 9.2dB), (1.95, 4QAM,
7.34dB), (2.98, 16QAM, 12.5dB), (3.83, 16QAM,
11.4dB).
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Fig. 1. Achievable data throughput vs. average SNR (continuous-rate case,
K = 10, BER = 10−3)

Experiment 1-Achievable data throughput versus average
receive SNR. Fig.1 shows the achievable data throughput for
continuous-rate modulation systems with different feedback
bits. The throughput upper bound is also plotted for reference,
which is achieved by assuming that the transmitter knows
perfect CSI of each user. Then, the user with best channel
is scheduled and the transmission parameters are optimized
based on the instantaneous CNR. The optimal adaptive modu-
lation solution for such case is available in [9]. We would
point that the feedback with B=1 is different from “1 bit
feedback” proposed in [7] since the latter only designs one
threshold and one transmission mode. Compared with the case
with perfect CSI, “1 bit feedback” scheme causes about 4dB
SNR loss. Such a loss is reduced to 2dB and 1dB when B=1
and B=2. It suggests that even increasing more feedback bits,
the improvement will be marginal. A tradeoff between the
throughput and the number of feedback bits therefore emerges.
In practice, a small number of feedback bits, such as one or
two bits per block might be favorable.

Fig.2 displays the transmission rate achieved by the discrete
rate design. Similar to its continuous rate counterpart, the
throughput with B=2 comes within approximately 1dB of
the throughput upper bound. However, different from the
continuous-rate case, the bit loading over each region could
remain invariant with the increase of SNR, and the throughput
is improved by adjusting thresholds. The average throughput
exhibits fluctuating curves due to the alteration of bit loading
scheme. This phenomenon is obvious in “1 bit feedback”
scheme. We compare the average throughput for trellis-coded
adaptive MQAM with that for uncoded adaptive modulation
in Fig. 3. It is observed that an 8-state code yields about 3dB
coding gain over uncoded modulation when B=2 and B=1.
The maximum coding gain can reach 4dB in “1 bit feedback”
scheme.

Experiment 2-Achievable data throughput versus number of
users. It is well known that the sum-rate capacity of a SISO
downlink with K users grows as log log K when ”the best
user” is scheduled at each transmission. In multiuser systems
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Fig. 2. Achievable data throughput vs. average SNR (discrete-rate case,
K = 10, BER = 10−3)
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Fig. 3. Throughput improvement with trellis coded modulation (discrete rate
case, K = 10, BER = 10−6)
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Fig. 4. Achievable data throughput vs. number of users (KPbg = 10dB,
BER = 10−3)
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Fig. 5. Average feedback load of each user

with finite-rate feedback, it is not necessary that ”the best
user” is chosen in each scheduling round, which reduces the
multiuser diversity gain. However, we see from the curve with
circle in Fig.4, the system with B=2 obtains approximately
log K multiuser diversity gain. The gap between the capacity
and the rate achieved by uncoded modulation (or trellis-coded
modulation) can shrink further by using more powerful code.
Fig. 5 shows the average feedback load of each user, which
can be calculated as B exp(−γ1). With the increase of the
number of users, γ1 increases too, which leads to the reduction
of average feedback load. As a result, the total amount of
feedback bits doesn’t exceed 8 bits in the system with K =
128, B = 2. It suggests only the users with ”good channel”
will feedback information and most of users keep silent.

VII. CONCLUSION

In this paper, we proposed a design scheme for feedback
thresholds and transmission modes in adaptive multiuser sys-
tems under rate-constrained feedback links. Subject to the
average power and BER constraints, we intended to maximize
the average throughput of each user. Both continuous-rate
modulation and discrete-rate modulation were discussed. A

nested iterative algorithm was proposed to yield a set of
optimal thresholds and transmission modes. This optimization
scheme can be applied to trellis-coded modulation systems to
improve the throughput further. Due to its inherent fairness,
it also can be readily applied to the heterogeneous network.
Numerical results demonstrated that the finite-rate feedback
reduces the feedback load considerably, but only causes a
slight loss to both multiuser diversity gain and throughput.
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