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ABSTRACT

Nonlinear frequency-modulatedsignals have been effectively

applied in multiple-user communication schemes. In this

paper, we propose to implement a multiple-user communi-

cation scheme using hyperbolic frequency-modulated(HFM)

signals for underwater acoustic communications. We de-

rive constraints on the HFM parameters to optimally reduce

multiple access interference (MAI) at the transmission side.

Additional constraints on the frequency-modulation (FM)

rate reduce the underwater channel effects of multipath and

scaling. The proposed signaling scheme is compared to an

HFM-based code-division multiple-access (HFM-CDMA)

scheme to demonstrate improved error performance.

1. MOTIVATION AND RELATION TO PRIOR WORK

Underwater acoustic (UWA) communications methods, such

as orthogonal frequency-division multiplexing (OFDM) and

code-division multiple access (CDMA), have been widely-

used for multiple users [1–4]. As the UWA communica-

tions channel is highly time-varying, it can cause undesir-

able distortions, such as multipath and Doppler scaling, un-

der certain conditions [5–7]. Existing UWA communica-

tions schemes do not fully exploit matching the UWA chan-

nel characteristics to signaling schemes and often have to

compensate for that at the receiver. In [1], the distorted

OFDM signal due to Doppler is compensated at the receiver

using resampling, and any remaining Doppler is removed

using inter-carrier interference reduction techniques. A mul-

tiple resampling OFDM receiver front-end is designed in

[2] such that each resampling branch deals with a different

Doppler factor. Adaptive multi-user detection techniques

are applied in [3], but their assumed UWA channel model

does not include multiple Doppler paths at the receiver. A

spread spectrum hyperbolic frequency modulation scheme

in [8] can potentially match the UWA channel but only as-

sumes one Doppler scale path and does not compensate for

multiple time delay paths that can distort any potential scale

diversity. In [9], we design an HFM scheme to match the
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UWA communications channel. The HFM scheme is inte-

grated with the use of a discrete time-scale canonical model,

which represents the received signal from a wideband chan-

nel as a linear superposition of discrete time shifts and Doppler

scalings of the transmitted signal, weighted by the wide-

band spreading function (WSF) [10]. We demonstrate an

inherent joint multipath-scale diversity using this scheme,

and we combine it with direct sequence CDMA for use in

multi-user UWA communications. The different users are

distinguished by a unique pseudo-noise (PN) sequence [9].

As we demonstrate, the scheme can successfully resolve in-

formation bits at the receiver side, but the performance de-

grades as the number of users increases.

A nonlinear frequency-modulated signaling scheme is

developed in [11] by deriving constraints on the nonlinear

phase function of the transmit signal to achieve orthogonal-

ity; the scheme, combined with frequency-hopping CDMA,

is used in a multi-user communication scheme in [11, 12].

In [13], chirp modulation, with a zero cross-correlation con-

dition, is combined with CDMA for frequency-nonselective

and frequency-selective fading channels. Similar chirp mod-

ulation is applied to an ultra-wideband scheme in [14] and

a multiple-input multiple-output multi-user scheme in [15].

In this paper, we design a multiple user scheme for the

wideband UWA communications channel using the discrete

canonical channel model. Different from [9], we minimize

multiple access interference (MAI) by assigning a unique

HFM signal to each user at the transmission side. We de-

sign orthogonal HFM signaling by appropriately constrain-

ing the signal’s FM rate. We also take into consideration

that HFM signals are scale-invariant and thus potentially

suitable for wideband channel transmission.

The paper is organized as follows. In Section 2, we pro-

vide the time-scale canonical model for wideband systems

and the HFM signaling scheme for binary UWA communi-

cations. In Section 3, we derive a constraint on the HFM

rate to allow for multiple users and extend the HFM signal-

ing to multi-user UWA communications. In Section 4, we

demonstrate the performance improvement of the proposed

multi-user signaling scheme by comparing it to CDMA.
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2. WIDEBAND UWA CHANNEL HFM DESIGN

2.1. Discrete Time-Scale Wideband Model

The output of a wideband linear time-varying (LTV) system

can be characterized by a superposition of time shifts and

scale changes, weighted by the WSF of the system. The

wideband system is thus assumed to include fast moving

scatterers, continuously distributed in range and velocity

and with reflection strength represented by the WSF [10,

16]. Under certain conditions (signal frequency content,

ocean depth, etc), the UWA channel can be shown to be

wideband due to the movement of the scatterers causing

Doppler scale on the transmitted signal. We consider UWA

signals that are characterized by time-shift and Doppler-

scale changes after transmission; the signals have spectral

components within 300 to 20,000 Hz and bandwidths com-

parable to their central frequencies.

The received signal of a wideband LTV channel, without

the additive noise component, is given by [7, 10]

y(t) =

∫ Ts

0

∫ A1

A0

χ(τ, a)
√

a s(a (t − τ)) da dτ (1)

where τ and a are continuous time-delay and Doppler-scale

parameters, respectively, and s(t) is the transmitted signal.

The WSF, χ(τ, a), represents the random phase change and

attenuation of underwater scatterers corresponding to dif-

ferent values of τ and a. Due to path loss or velocity limit

restrictions of realistic UWA channels, we assume that the

WSF time shift and scale support regions are τ ∈ [0, Td]
and a ∈ [A0, A1], respectively, where Td and Ad = A1 −A0

are the channel time-delay and Doppler scale spreads, re-

spectively.

Efficient wideband system processing can be achieved

using a discrete time-scale system model [10]. Using this

model for a wideband UWA communications channel, we

can represent the system output as [7, 10]

y(t) =

M1
∑

m=M0

N(m)
∑

n=0

χn,m a
m/2
d s

(

am
d t − n

W

)

, (2)

where the transmitted acoustic signal s(t) has bandwidth

W and duration T ≫ Td to ensure no intersymbol inter-

ference. In (2), ad = exp (1/βd), βd is the Mellin support of

s(t), the lower and upper Doppler scale indices are given by

M0 = ⌊lnA0/ lnad⌋ and M1 = ⌈lnA1/ ln ad⌉, respectively,

N(m) = ⌈am
d WTd⌉ for integer m, and χn,m are the WSF

coefficients. Assuming independence between the scatter-

ers contributing to the nth time delay and the mth scale

path, then (2) decomposes the UWA communications chan-

nel into a total of

M =

M1
∑

m=M0

(N(m) + 1)

independent, flat-fading channels. Using (2) at the receiver

can potentially achieve a joint multipath-scale diversity of

order M [10].

2.2. HFM Signaling Scheme Design for Single User

In [9], we used the discrete time-scale canonical model for

UWA communication channels in (2) to design a channel-

matched signaling scheme for single-user binary commu-

nications. The scheme uses HFM signals, with a different

FM rate to transmit symbol 0 or 1. The ith HFM signal,

corresponding to the ith symbol, i = 0, 1, is given by

s(i)(t) = ej2πc(i) ln ((t+tc)/tr) , t ∈ [0, T ] , (3)

where c(i) is the FM rate, T is the signal duration, (1/tc)
is a reference frequency (that can be used to modulate the

signal), and tr is a normalization time constant.

If we substitute the HFM s(i)(t) in (3) for s(t) in (2),

and we let tr = 1 s, am,i = am
d and τn,i = n/W , the time-

scaled signal for the ith symbol in (2) is s(i)(am
d t−n/W ) =

si,n,m(t) = ej2πc(i) ln (am,it−τn,i+tc). As demonstrated in [9],

the correlation between si,n,m(t) and sl,n′,m(t) for i 6= l
(different symbols), and for n = n′ or n 6= n′ (different time

shifts) can be significantly reduced provided the difference

between the FM rates c(i) and c(l) for symbols i and l, re-

spectively, is as large as possible. As the largest frequency

of the HFM signal is proportional to c(i)/tc, the range of

c(i) values that can be selected are limited by the signal’s

time-bandwidth product. Thus, the HFM rates c(i) and c(l)

for a single user to transmit symbols i and l, i 6= l, over an

UWA communications channel, with reduced interference,

must satisfy the condition:

select D(i,l) = |c(i) − c(l)|, i 6= l, to be large , (4)

based on a maximum BmaxT time-bandwidth signal con-

straint.

3. MULTI-USER UWA COMMUNICATIONS SCHEME

3.1. HFM Signaling for Multiple Users

In order to accommodate multiple users using HFM signal-

ing, we consider an amplitude-modulated version of the sig-

nal in (3), as in [17]. The amplitude modulation leads to

signal orthogonality for infinite duration signals; for finite

duration signals, it leads to high correlation when signals

match in FM rate. Making use of this property in a com-

munications system with K users, each user is assigned one

of K sub-channels by equally dividing the available band-

width. For a K-user system, the HFM signal for the kth

user, k = 1, . . . , K , is

sk(t) =
1√

t + tc
ej2πck ln ((t+tc)/tr) . (5)
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We assign an FM rate to each user in such a way as

to minimize the cross correlation between the signals of

any two users and thus reduce multiple access interference

(MAI) among users. In order to determine the FM rates for

approximate orthogonal signaling, we consider the signals

for the kth and mth users, respectively, as

sk(t) =
1√

t + tc
ej2πck ln ((t+tc)/tr)

sm(t) =
1√

t + tc
ej2πcm ln ((t+tc)/tr) . (6)

The correlation between the signals in (6), setting tr = 1, can

be calculated as [11]

qk,m =

∫

sk(t)s∗m(t)dt =

∫ T

0

1

t + tc
ej2π(ck−cm) ln(t+tc)dt.

The closed form of the correlation magnitude is given by

|qk,m| = ηT sinc((ck − cm) ηT )

where ηT = ln(T + tc)− ln(tc) and sinc(x) = sin(πx)/(πx).
In order to minimize the correlation, we can select the FM

rates ck and cm such that (ck −cm) ηT is any integer. Based

on this, we select the FM rate for the kth user, k = 1, . . . , K ,

to satisfy the condition

ck =
K + 1 − k

ηT
=

K + 1 − k

ln(T + tc) − ln(tc)
(7)

based on a maximum BmaxT time-bandwidth signal con-

straint. Using the FM rate in (5), we ensure that the cor-

relation in (7) is zero. A less restrictive condition that still

reduces correlation is obtained by selecting the FM rates of

the kth and mth users such that

(ck − cm)
[

ln(T + tc) − ln(tc)
]

≫ 1 . (8)

Using the maximum HFM signal time-bandwidth constraint

for all users, the maximum number of possible users is [11]

Kmax =

⌈(

1

2
(Bmax tc ηT − 1

)⌉

. (9)

3.2. Multi-User UWA HFM Signaling

We now consider the combined case of multiple users in an

UWA communications channel. In order to use the HFM

signaling scheme, we combine the two conditions we de-

rived in Equations (4) and (7) (or for a less restrictive case,

the two conditions in Equations (4) and (8)). The sub-channel

for each user is further divided in two bands so that each

user can transmit two binary symbols.

We assume that User k transmits Symbol i and User

m transmits Symbol l. Using the symbol FM condition in

(4) ensures that the following FM rate differences are large:

D
(i,l)
k,k = |c(i)

k − c
(l)
k | and D

(i,l)
m,m = |c(i)

m − c
(l)
m |, i 6= l. Using

(8) ensures that (c
(i)
k − c

(l)
m )ηT ≫ 1, i, l = 0, 1, k 6= m.

Combining (4) and (8) then ensures that D
(i,l)
k,m is also large

for i 6= l and k 6= m. Thus, although the FM rate condition

in (7) is derived using the amplitude modulated HFM in (5),

we combine it with the condition in (4) to represent any pair

of two FM rates. The transmitted signal model in this paper

can be seen as below:

s
(i)
k (t) =

1√
t + tc

ej2πc
(i)
k

ln ((t+tc)/tr) . (10)

After propagating through the wideband UWA channel,

the observed signal of User k transmitting Symbol i at the

receiver can be written as

r(t) =

K
∑

k=1

y
(i)
k (t) + w(t),

where

y
(i)
k (t) =

M1
∑

m=M0

N(m)
∑

n=0

χn,m a
m/2
d s

(i)
k (am

d t − n/W ) ,

and w(t) is assumed to be an additive white Gaussian noise.

The correlation between the received signal and the expected

signal is given by

Λ(y
(i)
k ) =

∫

∞

−∞

r(t) y
∗(i)
k (t) dt

=

M1
∑

m=M0

N(m)
∑

n=0

χn,m a
m/2
d

∫

∞

−∞

r(t) s
(i)
k

(

am
d t − n

W

)

dt

The information symbol of the kth user can then be esti-

mated using

î = arg max
i=0,1

Λ(y
(i)
k ) .

Note that we assume that the UWA channel WSF coeffi-

cients are estimated a priori; methods for estimating the

WSF coefficients can be found in [6, 7].

4. SIMULATION RESULTS

We demonstrate next the improved bit-error-rate (BER) per-

formance of the HFM signaling scheme in multi-user UWA

communications. We consider all possible HFM signals

with duration T = 0.1 s and 5 kHz maximum bandwidth.

Using the channel model in (2), we assume an UWA chan-

nel with Td = 10 ms multipath spread, βd = 90 Mellin spread

resulting in ad = 1.011, and M0 = 0, M1 = 1. Note that we
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Fig. 1. Comparison between HFM-CDMA and new signal-

ing scheme for varying Dsymb and Duser for K = 2 users.

assume that the channel WSF coefficients are estimated at

every iteration [7]. All users are assumed to transmit sym-

bol 0 or 1 with equal probability.

Using the HFM signal orthogonality condition in (8) to

select FM rates for the two users to reduce MAI, we denote

by Duser = D
(i,i)
k,m = |c(i)

k − c
(i)
m | the difference in the FM rates

between the two users. Similarly, Dsymb = D
(i,l)
k,k = |c(i)

k −
c
(l)
k | denotes the difference in the FM rates between the

two symbols of the kth user to reduce the UWA channel

effects (following the condition in (4)). Using this nota-

tion, for the 2 user case, we use HFM signals with FM

rate difference Dsymb = c
(1)
k −c

(0)
k = 0.25, 0.5 for k = 1, 2 and

Duser = c
(i)
1 − c

(i)
2 = 0.5, 1, 2, for i = 0, 1. The BER simula-

tion results for different signal-to-noise ratio (SNR) values

(in dB) are shown in Figure 1. Also shown superimposed in

the figure are the corresponding BER results obtained using

the HFM-CDMA scheme from [9]. The HFM-CDMA sim-

ulations used PN sequences of length 7 from the sequence

generator [18]. As expected, as proposed HFM method per-

forms better than the HFM-CDMA. This is because two dif-

ferent types of conditions are imposed when selecting the

FM rates of the HFM signals. Note that the BER perfor-

mance increases as the symbol FM rate difference Dsymb

and the user FM rate difference Duser increase.

In Figure 2, we extend our simulations to K = 1, 2, 3, 4
users, demonstrating simulated BERs for different SNR val-

ues. The UWA channel parameters and the HFM signal pa-

rameters remain the same as in the first figure. For these

cases, for each value of K , we selected Dsymb and Duser

to satisfy both conditions (4) and (8) are satisfied for the

given time-bandwidth product of T = 0.1 and 5 kHz maxi-

mum bandwidth. It can be observed that the BER perfor-

mance decreases as the number of users increases.
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Fig. 2. Comparison between new signaling scheme for dif-

ferent number of users, where K = 1, 2, 3, 4 users with the

best Dsymb and Duser are chosen.

5. CONCLUSION

In this paper, we proposed a multiple user underwater acous-

tics communications scheme using HFM signals. We de-

rived constraints on the FM rates of the HFM signals in

order to reduce both multiple access interference and the

distortion effects of the UWA channel. Our simulations

demonstrated the improved BER performance of this scheme

when compared to the corresponding one of our previously

published scheme that combined CDMA with the selection

of the HFM rates to reduce the channel distortion effects.
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