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ABSTRACT

In the time reversal division multiple access (TRDMA) sys-

tem, the signal-to-noise ratio (SNR) is boosted and the inter-

user interference (IUI) is suppressed due to the temporal and

spatial focusing effects of the time-reversal (TR) technique.

However, since the focusing effects highly depend on the

location-specific multipath profile, there exists a strong-weak

focusing effect in the TRDMA uplink system where different

users at different locations enjoy different level of focusing

effects. In this paper, we formulate the strong-weak focusing

effect in the multiuser TRDMA uplink system as a max-min

signal-to-interference-noise ratio (SINR) balancing problem

by means of joint power control and signature filter design.

A novel two-stage adaptive algorithm that can guarantee the

convergence is proposed. Numerical results show that our al-

gorithm converges quickly, achieves a high energy-efficiency

gain, and provides a performance guarantee to all users.

Index Terms— Time reversal, strong-weak focusing ef-

fect, energy efficiency, QoS guarantee.

1. INTRODUCTION

The explosive growth of high speed wireless services that can

support various wireless communication applications with a

large number of users calls for future wideband communica-

tion solutions. The dispersion of a channel in wideband com-

munications will bring in an undesirable phenomenon: inter-

symbol interference (ISI).

Thanks to its inherent nature that fully collects energy of

multi-path propagation, the time-reversal (TR) based signal

transmission is an ideal paradigm for low-complexity single-

carrier broadband communication systems [1–4]. In essence,

by treating each path of the multi-path channel in a rich s-

cattering environment as a widely distributed virtual antenna,

TR provides a high-resolution spatial focusing effect so that it

can alleviate inter-user interference (IUI) effectively. Mean-

while, the traditional TR signature works as a matched filter

at the access point (AP), which brings a temporal focusing

effect that boosts the signal-to-noise ratio (SNR).

The temporal and spatial focusing effects of the TR have

been proposed as theory and validated through experiments in

Fig. 1. Representative case for TRDMA uplink system.

both acoustic domain and radio frequency (RF) domain. As

verified in [5–12], energy of acoustic signal can be refocused

with high resolution through a time-reversal mirror (TRM),

a self-adaptive technique that can be utilized to compensate

for propagation distortions. The theory of TRM is formal-

ly developed for electromagnetic waves in [13]. However,

since the quality of temporal and spatial focusing effects of

EM waves highly depends on the propagation environmen-

t and transmission bandwidth, there exists a “strong-weak”

effect in the multiuser TRDMA uplink system, where the re-

ceived SNRs of different users can be very different and weak

signals can be blocked from correct detection in the presence

of strong ones. Fig. 1 illustrates the detectability problem

for TRDMA uplink system where K users transmit simulta-

neously and possess different focusing effects denoted by the

amplitude of waves above different paths.

Unlike the CDMA near-far problem resulted solely from

distance [14], the TRDMA uplink systems suffer from the

strong-weak focusing effect among different users mainly

due to the different resonances resulted from location-specific

multipath environments. To guarantee the performance, we

need to combat the strong-weak focusing effect and balance

the signal-to-interference-noise ratios (SINRs) among all

links. To this end, we formulate the strong-weak focusing

effect combating problem in the TRDMA uplink system as a

max-min SINR optimization problem by the means of joint

power allocation and signature filter design. In this work,

we propose a two-stage algorithm that solves this problem

efficiently and converges to the global optimum quickly.

Simulation results demonstrate that the proposed algorithm

is capable of providing a performance guarantee to all users



Fig. 2. Diagram for TRDMA uplink system.

regardless of their channel gains. Furthermore, our proposed

algorithm is highly energy efficient comparing to the basic

TR schemes [2].

This paper is organized as follows. In Section 2, the sys-

tem model and problem formulation is described. In Sec-

tion 3.1, we relax the original TRDMA uplink SINR balanc-

ing problem into an eigenvalue optimization problem. The

two-stage adaptive algorithm for the TRDMA uplink SIN-

R balancing problem with individual constraints is proposed

in Section 3.2. Numerical simulation in Section 4 demon-

strates the performance improvement and conclusion is drawn

in Section 5.

2. SYSTEM MODEL

According to the system diagram in Fig. 2 [4], the received

signal at the AP can be written as

s =
∑
k

√
p(k)Hkxk + n, (1)

where s is a (2L − 1) × 1 vector with L = maxk Lk, Hk

is a (2L − 1) × L Toeplitz matrix with each column being

the shifted version of hk, and n denotes the additive white

Gaussian noise (AWGN) vector whose elements are identical

complex Gaussian with mean zero and variance σ2.

At the AP side, the received signal s will be first passed

through a user-specific signature filter bank {gi, ∀ i} to ex-

tract information and suppress interference, and then down-

sampled to obtain Yi.
The system uplink SINR for user i is given as,

SINRUL
i (G, p) =

p(i)gH
i R(0)

i gi

p(i)gH
i R̂igi +

∑
j �=i p(j)gH

i Rjgi + σ2
,

(2)

where G = [g1, · · · , gK ] is the signature matrix, p =

[p(1), · · · , p(K)]T is the power allocation vector, R(0)
i =

H(L)H
i H(L)

i with H(l)
i being the lth row of Hi, Rj = H̃

H

j H̃j ,

H̃j is the upsampled version of Hj with factor Dj and sam-

pling center located at H(L)
j , and R̂i = Ri−R(0)

i . p(i)gHi R̂igi
and

∑
j �=i p(j)g

H
i Rjgi, represent ISI and IUI respectively.

Let us define a crosstalk matrix ΦΦΦ for the TRDMA up-

link system whose elements correspond to the ISI and IUI

term in SINRUL
i as [ΦΦΦ]ij = gH

j Rigj , when i �= j and

[ΦΦΦ]ij = gHi R̂igi, if i = j. Moreover, D is defined as a diago-

nal matrix with [D]ii = γi/gHi R(0)
i gi, and γi is the weighted

factor for ith user. In order to ensure the fairness for all users

and boost the system performance, we jointly design the sig-

nature matrix G and power allocation vector p by balancing

the SINRUL
i (G, p) among different users, i.e., the max-min

fairness is adopted in this work as follows

maximize
G, p

min
j

p(j)

[D]jj(ΦΦΦT
j p + σ2)

subject to p � 0, p � pmax, ‖gi‖2 = 1, ∀i.
(3)

where pmax is the maximal value of transmitting power for

each individual users, and 0 is an all-zero vector.

3. TWO-STAGE ADAPTIVE ALGORITHM FOR
INDIVIDUAL SINR BALANCING

3.1. Relaxed Total Power Constraint Problem

In this section, we will introduce our work on relaxing the

original uplink SINR balancing problem into an equivalent

eigenvalue optimization problem and introduce the proposed

algorithm where the signature and power assignment are iter-

atively optimized.

The relaxed version of the original problem in (3) is

maximize
G, p, γ

γ

subject to p � 0, p � γD(ΦΦΦT p + σσσ),

1T p ≤ 1T pmax, ‖gi‖2 = 1, ∀i,
(4)

where 1 is an all-one vector with K elements.

We first consider the case when the signature matrix is

fixed as G̃, and then problem in (4) is reduced to an uplink

power allocation problem as

maximize
p, γ

γ

subject to p � 0, p � γD(ΦΦΦT p + σσσ)

1T p ≤ 1T pmax.

(5)

Theorem 1 Given G̃, the necessary condition for the global
optimum p∗ can be characterized as an eigensystem that

1

γ∗ p̃∗ = Λ(G, Ptotal)p̃∗, (6)

where γ∗ is the optimum of weighted SINR threshold, p̃ =
[pT , 1]T , Ptotal = 1T pmax andΛΛΛ(G, Ptotal) is an augmented
matrix as

ΛΛΛ(G, Ptotal) =

(
DΦTDΦTDΦT DσDσDσ

1
Ptotal

1TDΦTDΦTDΦT 1
Ptotal

1TDσDσDσ

)
. (7)

In TRDMA uplink systems, ΛΛΛ(G, Ptotal) is a matrix with

nonnegative entry and is also irreducible. According to the

Perron Frobenius Theorem [15–17], there exists a feasible so-

lution to (6) and the solution is unique. The necessary con-

dition in 6 is actually a necessary and sufficient condition

for global optimum. Thus, the power allocation problem in



Algorithm 1 Iterative SINR Balancing Algorithm under Total

Power Constraint
1: Initialize for n = 0.

2: loop Calculate g(n)i , ∀ i using MMSE method with

p(n−1) and ‖gi‖2 = 1, ∀ i.
3: Build the couple matrix ΛΛΛ(n)(G(n), Ptotal).
4: Solve the Perron Frobenius eigenpair problem in (6)

and get λ
(n)
max and its corresponding eigenvector p̃(n) with

p̃(n)(K + 1) = 1. p(n) ← {p̃(n)}K1 .

5: end loop If λ
(n−1)
max − λ

(n)
max < ε or reach the maximal

number of iterations.

(5) is equivalent to find the Perron Frobenius eigenvector of

ΛΛΛ(G̃, Ptotal).
Based upon the previous analysis, the (4) is equivalent to

an eigenvalue optimization problem as
minimize

G
λmax(ΛΛΛ(G, Ptotal))

subject to ‖gi‖2 = 1, i = 1, . . . ,K,
(8)

Let us define a cost function as

λ̃(G, p) = max
x�0

xTΛΛΛ(G, Ptotal)p̃
xT p̃

, (9)

and the Perron Frobenius eigenvalue can be represented as

λmax(ΛΛΛ(G, Ptotal)) = min
p�0

λ̃(G, p).

Lemma 1 The optimal signature matrix for a given vector
pary is denoted as G∗. Then, we have

G∗ = arg min
G

λ̃(G, pary) (10)

That is to say, the optimal signature can be obtained by indi-
vidually maximizing the uplink SINR of each user.

Remark: The solution is equivalent to the MMSE beam-

forming, g∗i = αi(
∑K

j=1 pary(j)Rj + σ2I)−1H(L)H
i , ∀i,

where αi is a normalized vector.

The necessary and sufficient condition for the global op-

timum of problem in (8) is stated in Theorem 2.

Theorem 2 (Necessary and Sufficient Condition) G∗ =
[g∗1, g∗2, · · · , g∗K ] is the global optimizer of the problem
in (8) if and only if λ̃(G∗, p∗) = min

G
λ̃(G, p∗), where

p∗ = arg min
p�0

λ̃(G∗, p), i.e., p̃∗ is the solution to the Perron

Frobenius eigenvalue problem of ΛΛΛ(G∗, Ptotal).

Theorem 2 implies that if one of the variable p or G has

reached the global optimum, the remaining one can be ob-

tained by either solving the Perron Frobenius eigenpair prob-

lem in (6) or by independently solving the MMSE problem.

Based on this, we propose Algorithm 1 that alternatively op-

timizes p and G, and eventually converges to the global opti-

mum.

The necessary and sufficient condition for global optimum

is equivalent to the condition λ
(n+1)
max = λ

(n)
max. As a conse-

quence, the algorithm can be stopped as soon as the difference

Algorithm 2 Two-Stage Adaptive Algorithm for SINR Bal-

ancing Problem under Individual Power Constraint

1: Initialize p(0) with P
(0)
total = 1T Pmax, δp(0) ← Pmax −

p(0), [index, δ(0)]← min(δp(0))

2: loop p ← by Algorithm 1 with 0.9P
(n−1)
total ,

3: Approximated gradient slope ← p(n−1)(index)−p(index)
0.1Ptotal

.

4: δPtotal ← δ(n−1)

slope
, P

(n)
total ← P

(n−1)
total + δPtotal.

5: Update p(n) and δp(n), [index, δ(n)]← min(δp(n))
6: while δ(n) > ε do
7: δPtotal ← ηδPtotal. Update P

(n)
total, p(n), and δ(n)

8: end while
9: end loop If |δ(n)| ≤ ε or reach the maximal number of

iterations.

in λ
(n−1)
max − λ

(n)
max reaches a predetermined threshold ε > 0.

On average the algorithm will yield the global optimum in 3

or 4 iterations.

3.2. Two-stage Solution for Individual Constraints

From the previous section, for any fixed total power constrain-

t value Ptotal, there only exists one pair of optimal signature

matrix G∗(Ptotal) and power assignment vector p∗(Ptotal).
However, the original problem with individual power con-

straints has a more tightened feasible set.

Lemma 2 The optimal power assignment vector generated
from iterative SINR balancing algorithm in Algorithm 1 is
monotonically increasing as the total power constraint Ptotal

increases.

According to Lemma 2, we know that as the feasible set is

shrunk by reducing the total power constraint in (4), the opti-

mal power assignment for each user is monotonically decreas-

ing. As long as we keep adjusting the feasible set bounded

by the total power constraint, we will definitely reach a point

where the optimal power assignment for at least one user is e-

qual to his constraint and the others are below the constraints.

At this point, we achieve the maximum of feasible threshold.

The proposed two-stage adaptive algorithm is shown in

Algorithm 2, where the SINR balancing problem with indi-

vidual constraints is solved in two alternative and iterative

stages. In stage I, the corresponding global optimum of the

relaxed eigenvalue optimization problem is obtained via Al-

gorithm 1. In stage II, the relaxed feasible set is modified by

updating the total power constraint using the gradient decent

method against the worst case. On average 3 iterations are

needed for Algorithm 2 to find the optimal solution.
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4. SIMULATION RESULTS

To evaluate the proposed algorithms, we conduct several sim-

ulations to demonstrate that our proposed SINR balancing al-

gorithm is an ideal solution to ensure fairness and energy-

efficiency and to tackle the strong-weak effects. The simula-

tion settings are: 1. Channel Model: UWB office non-line-

of-sight channel with B = 500 MHz and L = 60; 2. equal

weighted factor γi and equal maximal power constraint.

4.1. Highly Crowded Network

In this part, we simulate a highly crowded network where one

AP serves 20 users. We assume the 20 users are divided into 3

groups according to their channel gains. In MMSE TR, each

user also transmits in the maximal power but its signature g is

the MMSE signature that can be calculated by independent-

ly maximizes its own SINR. In Basic TR scheme, each user

transmits with its maximal power and the signature filter gi is,

gi[k] =
h∗
i [L− 1− k]√∑L−1

l=0 |hi[l]|2
, k = 0, 1, 2, · · · , L− 1. (11)

In Fig. 3, we can see the BER performances of the afore-

mentioned three schemes in a highly crowded network and

the proposed SINR balancing scheme is capable to provide a

service guarantee for all users. With the objective to balance

the uplink SINR at the receiver side, our scheme achieves the

same BER performance for all users, which is much better

than the worst BER case in other two schemes. In basic TR,

the whole system fails to work properly due to high BERs.

With MMSE TR, some of users whose channel degradation

is severe will have a poor BER performance that is close to

the basic TR BER curves and get blocked out. These blocked

users bring high interference to other active users which de-

grades the whole network’s performance. When applying our

proposed algorithm to this crowded network, as SINRs are

balanced, all users will have almost the same BER perfor-

mance such that all of them can be detected.

The energy-efficiency feature of our proposed scenario is

further studied in Fig. 4. Here, we define the energy effi-

ciency as the ratio between achievable sum rate and the to-

tal transmitted power of all users, i.e. Energy Efficiency =
Achievable Sum Rate (bps)
Total Power Consumed (W)

. Fig. 4 illustrates that the system ener-

gy efficiency can be improved remarkably. The reason is that

through power control the interference between users can be

managed and the signature matrix at the receiver side further

alleviates the IUI and ISI leading to a transmit power reduc-

tion. Thus the whole system can utilize the entire resource

more efficiently.

4.2. Comparison under Different Backoff Rates

Fig. 5. Balanced SINR.
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In Fig. 5 and 6, the performance of our proposed algorith-

m under different backoff rates is studied. For a smaller D,

the uplink transmission is conducted more frequently which

causes the ISI to lie close to the signal peak at the receiver

side. On the contrary, IUI and ISI can be significantly alle-

viated by choosing a higher backoff rate D. In Fig. 5, the

balanced SINR becomes higher as the backoff rate increas-

es. As BER is a monotonically decreasing function in uplink

SINR, users’ BER in our scheme is also reducing as the back-

off rate increases as shown in Fig. 6. However, because the

achievable sum rate is normalized by 1/D, a higher D may

result in a smaller sum rate.

5. CONCLUSION

In this paper, we propose a joint power allocation and signa-

ture design method to address the strong-weak focusing effect

in time-reserval uplink systems. By forming the strong-weak

focusing effect problem into a max-min SINR problem, a

two-stage adaptive algorithm is proposed. In stage I, the origi-

nal non-convex optimization problem is relaxed into a Perron

Frobenius eigenvalue optimization problem whose optimum

can be efficiently obtained. In stage II, the gradient descent

method is applied to iteratively update the feasible set until

all individual constraints are satisfied. The proposed algorith-

m converges in a few iterations with a relatively low com-

putational complexity. Simulation results show that the pro-

posed algorithm provides a high energy-efficiency gain and

a performance guarantee to all users in network and thus it

is a promising technique for energy-efficient QoS-guaranteed

TRDMA uplink systems.
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