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ABSTRACT

In this paper, we propose multi-h CPM-SC-FDMA, a novel transmission scheme which combines
many of the key characteristics of continuous phase modulation (CPM) with single carrier Frequency
Division Multiple Access (SC-FDMA) to produce a power efficient, robust modulation which is suitable
for high-rate multiple-access aeronautical telemetry applications. The basis of our approach is found in
the observation that the discrete-time samples from a CPM waveform constitute a constant envelope time
domain sequence which can be pre-coded and subsequently mapped to a set of orthogonal subcarriers
for an FDMA-style transmission. The resulting waveform exhibits power efficiency and easily supports
multiple access.

INTRODUCTION

Continuous phase modulation (CPM) forms a class of constant envelope, continuous phase signaling
formats that are known to be efficient in both power and bandwidth [1]. The constant envelope property re-
sults in a peak-to-average power ratio of unity, thus making it ideal in aeronautical telemetry applications,
where restrictions on device size and weight warrant efficient power amplification. Advances in modern
aeronautical telemetry system complexity have driven operation to larger bands in order to accommodate
data rates on the order of 10–20 Mbits/s in the spectrum allocated to aeronautical telemetry in the United
States. Consequently, spectral efficiency has become an important criterion for system design and perfor-
mance. While PCM/FM has been the dominant form of carrier modulation in aeronautical telemetry for
over 40 years, the relatively recent identification of a class of constant envelope waveforms with higher
spectral efficiency has culminated in the adoption of shaped offset QPSK (SOQPSK) [2] and the Feher
patented QPSK (FQPSK) [3] as Tier I waveforms, and the Advanced Range telemetry (ARTM) multi-h
CPM Tier II waveform [4]—all of which can be modeled as variants of CPM waveforms.

Now, operating over larger bandwidths and having an increased need for spectral efficiency, these
communications systems must cope with a plethora of challenges, including the determination of the min-
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imumal carrier spacing between distinct telemetry signals, the presence of adjacent channel interference,
the development of efficient user separation techniques, and compensati8on for the effects of frequency
selective multipath fading.

An important criterion for efficient spectrum use is that the subcarriers assigned to distinct telemetry
signals be spaced as closely together as possible, and this has been the subject of study [5]. However, as the
carrier spacing between telemetry signals decreases, the effect of overlapping spectra is to create adjacent
channel interference, which limits receiver performance. Recently, the use of interference cancellation
techniques has been investigated as a method to allow denser carrier packing [6, 7].

For communication systems offering high data rates, orthogonal frequency division multiplexing (OFDM)
has received a lot of attention in the past few years. OFDM is a popular broadband wireless syste, which
is currently in use in wireless LAN [8]–[9], fixed broadband wireless access [10] and in digital video
and audio broadcasting [11]–[12]. The spectral efficiency of this system is based on the salient observa-
tion that the orthogonality of subcarriers provides a way to pack more subchannels into the same channel
spectrum. In OFDM, the subcarriers are generated using the computationally efficient Discrete Fourier
Transform (DFT) and can thus exploit the well-known circular convolutional properties of the DFT in
order to implement low complexity frequency domain equalization techniques. In addtiion, the orthog-
onality of the subcarriers allows users to transmit with overlapping spectra. Consequently, interference
cancellation techniques are not necessary.

Although OFDM has many excellent characteristics, it suffers from a high peak-to-average power
ratio, which degrades the transmit power efficiency. Single carrier FDMA (SC-FDMA) is a variant of
Orthogonal Frequency Division Multiple Access (OFDMA) which utilizes single carrier modulation and
frequency domain equalization. One advantage over OFDM is that SC-FDMA generally exhibits lower
peak-to-average power ratio because of its inherent single carrier structure [13]. SC-FDMA continues to
draw a great deal of attention as an attractive alternative to OFDMA, particularly for uplink communica-
tions where having a lower PAPR greatly benefits the mobile terminal. SC-FDMA has been adopted for
the uplink multiple access scheme for the 3rd Generation Partnership Project (3GPP) Long Term Evolution
(LTE), or Evolved UTRA [14]–[15].

In this paper, we propose CPM-SC-FDMA, a novel scheme which combines the power efficiency of
CPM with the spectral efficiency and low computational complexity of SC-FDMA. This new modulation
integrates key signal features from both technologies in order to enhance the ability of current aeronau-
tical telemetry systems to more easily cope with the classical problems of frequency selective fading,
carrier packing, adjacent channel interference and multi-user separation while maintaining the power ef-
ficiency advantage of CPM. Our approach is based upon the observation that the discrete-time samples
from a continuous-time CPM waveform can be used to transmit a CPM-like waveform in an OFDM-style
transmission. Consequently, multiple access is as easily enabled as it is in a conventional SC-FDMA
transmission. Hence, the major contribution of this paper is to unveil a hybrid transmission scheme which
constitutes a major advance in the state of the art for modern telemetry.

OVERVIEW OF SC-FDMA

Fig. 1 illustrates a block diagram of an SC-FDMA transmission system [13]. In SC-FDMA, a block
of time domain data symbols are transformed to the frequency domain by application of the DFT, and then
mapped to a subset of the total available subcarriers, which enables OFDMA modulation. As in OFDMA,
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Figure 1: Block diagram of SC-FDMA modulation.
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Figure 2: The generation of transmit symbols for a SC-FDMA modulator.

the transmissions from multiple users remain orthogonal due to the fact that each is assigned to use a
distinct set of the available subcarriers. However, the advantage of this approach as compared to OFDMA
is that the overall transmit signal is a single carrier signal, which reduces the PAPR as compared to its
multicarrier counterpart.

In a general SC-FDMA system, there are a total of K subcarriers, of which J are mapped to a particular
user. In the time domain, the input data symbols have symbol duration T seconds and the symbol duration
is compressed to T̃ = (J/K) T after going through SC-FDMA modulation, as illustrated in Fig. 2.

Although there are different methods available to allocate the subcarriers, in this paper we consider
the distributed subcarrier mapping mode, whereby (in the uplink) the DFT outputs of the input data corre-
sponding to a single user are allocated to equidistant subcarriers over the entire bandwidth and zeros are
inserted in the unused subcarriers. As shown in [13] and later demonstrated in this paper, the resulting
time domain symbols are a scaled replica of the input symbols.

The key observation here is that if the input time domain symbols have constant envelope, then the
output of the IDFT will also have constant envelope—thus retaining the power efficiency of the input.
This is the result which strongly motivates us to consider a hybrid of constant envelope CPM with SC-
FDMA.

CPM SIGNAL MODEL

CPM-SC-FDMA is generated from a conventional CPM signal. Hence, in this section, we review some
of the basic definitions of CPM [1]. The complex baseband equivalent representation of a unit amplitude
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CPM signal is given by

s(t; α) = exp (jφ(t; α)) (1)

where the excess-phase, φ(t; α), is defined as

φ(t; α) =

(
2π

n∑
i=0

hiαiq(t− iT )

)
(2)

for nT ≤ t < (n + 1)T . The M -ary symbols αk ∈ {±1,±3, ...,±(M − 1)} and T denotes the symbol
interval. q(t) is the phase-smoothing response and its derivative is the frequency pulse, which is assumed
to be a function of duration LT seconds. The phase-smoothing response is a continuous function with the
conventional restriction

q(t) =

{
0, t ≤ 0
1
2
, t ≥ LT.

(3)

{hi} denotes the set of Nh modulation indices (Nh = 2 in all of the cases that we will discuss). In this
paper, the underlined subscript notation in (2) is defined as modulo-Nh, i.e., i , i mod Nh. We assume
that the modulation indices are rational numbers of the form [16]

hi = ki/p (4)

where ki and p are relatively prime integers.
Due to the constraints on the phase-response function expressed in (3), (2) can also be written as

φ(t; α) = 2π
L−1∑
i=0

hn−iαn−iq(t− (n− i)T ) +

(
πh

n−L∑
i=−∞

αi

)

= 2π
L−1∑
i=0

hn−iαn−iq(t− (n− i)T ) + θn−L. (5)

The first term represents the contribution of the L most current symbols and θn−L denotes the contribution
from all symbols for which the phase response function has reached its final value of 1

2
.

When restricted to be of the form, h = 2ki/p (with ki and p being co-prime integers), then θn−L

assumes p distinct values. The CPM signal is then described by a trellis which contains pML−1 states,
having M branches at each state. Each branch is defined by the state and current input symbol, which is
represented by the following L + 1-tuple

σn =
(

θn−L, αn−(L−1) , ..., αn

)
. (6)
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Figure 3: CPM-SC-FDMA symbol generation.

MULTI-H CPM-SC-FDMA TRANSMISSIONS

CPM-SC-FDMA is derived from a continuous-time CPM waveform through a sequence of mappings
that allow an SC-FDMA-style transmission. The transceiver architecture is strikingly similar to the one
illustrated in Fig. 1, except that the conventional encoder is replaced by a CPM modulator followed by a
sub-symbol-rate sampler. Similarly, the conventional decoder is replaced by the discrete time analog to a
CPM demodulator and symbol detector.

Fig. 3 contains a more detailed description of the symbol generation unit in a CPM-SC-FDMA mod-
ulator. In the analysis to follow, we assume that there are Q multiple access users. For simplicity, only
one of the Q active users is shown in Fig. 3. As in a conventional CPM transmitter, the M -ary symbols
αn,q ∈ {±1,±3, ...,±(M − 1)} - each of duration T - are applied to a continuous phase modulator to
produce the continuous-time waveform corresponding to the qth user:

sq(t; αq) = exp

(
j2π

n∑
i=0

hiαi,qq(t− iT )

)
(7)

for nT ≤ t < (n + 1)T , q = 0, · · · , Q − 1 and 0 ≤ k ≤ J − 1. The JT second continuous-time
signal in (7) is then sampled at rate fsa = N/T to yield the vector of signal samples sq, where sq =[

s0,q · · · sJN−1,q

]> and

sm,q , sq(t; αq) |t=mTsa ; n = 0, . . . , JN − 1. (8)

The sampling interval is defined as Tsa = 1/fsa. As we later discuss, at the receiver, we propose the
discrete-time equivalent of a conventional CPM detector in order to detect the transmitted symbols. Hence,
proper detection at the receiver requires the sample rate, fsa, to be adequate to provide a faithful represen-
tation of the JT -second continuous-time CPM waveform. Hence, we assume that the over-sampling ratio
satisfies N ≥ 2, in which case the signal vector, sq has a minimum length of 2J .

The transmitter groups the modulation samples into blocks each containing JN samples. We note
that once the continuous-time CPM waveform of each user has been transformed into its discrete-time
equivalent, the data vector becomes completely analogous to the vector of data symbols that would be used
in a conventional SC-FDMA transmission. Consequently, multiple access is enabled by the assignment of
overlapping but mutually orthogonal subcarriers to each user.

The next step in modulating the SC-FDMA subcarriers is to perfom an JN -point DFT in order to
produce a frequency domain representation of the input samples.
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It has been shown that the use of DFT-precoding in conjunction with regularly interleaved subcarrier
allocation results in a scheme that generally exhibits a lower peak-to-average-power ratio than conven-
tional OFDM [13]. In addition, it is straightforward to show that when the distributed subcarrier (i.e.,
regularly interleaved) allocation is made, that the samples coming out of the DFT are a scaled repetition
of the input samples. In our case, the samples which come into the DFT are the samples obtained from a
constant envelope CPM waveform. Since our objective is to maintain the power efficiency of CPM while
introducing some of the key benefits of SC-FDMA, we restrict ourselves to the distributed subcarrier
mapping scheme so that our signal samples maintain the power efficiency of the original CPm waveform.

Let {sn,q : n = 0, · · · , JN − 1} denote the signal samples to be modulated. Then, {Sk,q : k = 0, · · · , JN − 1}
represents the frequency domain samples after taking the DFT of {sn,q : n = 0, · · · , JN − 1}.

Next, the elements of the JN × 1 DFT coefficient vector, Sq, are regularly interleaved over the trans-
mission band using the QJN × JN subcarrier mapper matrix

[Mq]m,n =

{
1, m = nQ + q

0, else.
(9)

The frequency-mapped coefficients are present in the vector S̃q , MqSq. The IDFT is then taken to
form the output vector of signal samples which will be sent over the mobile radio channel:

s̃q =
1

QMN
W †

QMN S̃q, (10)

where W is a QJN×QJN DFT matrix and {·} † denotes the Hermitian transpose. That (10) is a constant
envelope vector is straightforward to show since

s̃q =
1

QJN
W†

QMN S̃q

=
1

QJN
W†

QJNMqSq

=
1

QJN




W†
JN(q)
...

W†
JN(q)


Sq. (11)

The last equality is derived from the sparse, regular structure of the subcarrier allocation matrix M q.
W†

JN(q) is the cyclically shifted IDFT matrix and q denotes the number of rows (down) by which the
original matrix is cyclically shifted. Hence

sq =
1

Q







sq
...
sq


¯ xq


 (12)

where xq is the QJN × 1 vector with mth element: [xq]n,1 = exp (j2πnq/QJN) for n = 0, . . . , JN − 1
and ¯ denotes the element-by-element vector product.

The output of the IDFT contains Q scaled, weighted replicas of the input samples and since sq are
the samples from a constant modulus CPM waveform, it follows that the output of the IDFT is also
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constant modulus. This is the key observation which motivates us to integrate the CPM signal model with
SC-FDMA—the power efficiency, which is derived from the constant modulus characteristic of CPM, is
preserved.

After coming out of the IDFT, the data block (which now contains QJN signal samples) is used to
generate the continuous time signal according to the model

xq(t) =

QJN−1∑
n=0

s̃n,qf(t− nT̃ ), (13)

where T̃ = T/QN denotes the pseudo-symbol rate (see Fig. 3) and f(t) is a pulse shaping filter. When
using rectangular pulse shaping, f(t) is given by

f(t) =

{
1, 0 ≤ t < T̃

0, else.
(14)

When f(t) is a rectangular pulse, then symbol rate sampling will yield the same PAPR as in the
continuous case. By definition,

PAPR = 10 log10

(
max0≤t<JT |xq(t)|2

1
JT

∫ JT

0
|xq(τ)|2dτ

)
= 10 log10

(
max0≤n<QJN−1|s̃n,q|2

1
QJN

∑QJN−1
n=0 |s̃n,q|2

)
= 0 dB. (15)

SYMBOL DETECTION

Thus far, we have analyzed the power efficiency of this transmission scheme and demonstrated that
with rectangular pulse shaping, that it maintains the desirable 0 dB PAPR property of a CPM transmis-
sion. In this section, we discuss symbol detection at the receiver when the transmitted signal has passed
through an AWGN channel. In what follows, we assume rectangular pulse shaping followed by symbol
rate sampling.

At the receiver, the received multiple access signal can be modeled as follows:

r =

Q−1∑
q=0

s̃q + n (16)

where r is the QJN × 1 vector of received signal samples and n represents the additive white Gaussian
noise. The element ni denotes zero-mean complex Gaussian noise with variance N0fsa, where N0 denotes
the noise power spectral density and fsa denotes the sampling rate.

In order to separate the signals of each user from the other uplink transmissions, the receiver performs
the reverse of the operations shown in Figure 1. First, the QJN -point DFT of the received signal is taken.

Rk =

QJN−1∑
i=0

rie
−j2πki/QJN k = 0, . . . , QJN − 1. (17)

Detection of the symbols transmitted by the qth user is achieved by extracting the DFT coefficients of
the received signal vector over the frequencies k = q, q+P, q+2P, . . . , q+(JN−1)P , which corresponds
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to the subcarriers assigned to user q. The data at these frequencies is applied to the JN -point IDFT to
yield the estimate of the signal sent by the qth user:

ŝi,p =
1

JN

JN−1∑

k=0

RkP+p exp (j2πki/JN)

= si,p + wi,p (18)

for k = 0, . . . , JN − 1. Here, wi,p denotes complex, zero-mean additive noise which is defined as follows

wi,p =
1

JN

JN−1∑

k=0

NkP+pe
j2πki/JN (19)

and Nk ,
∑QJN−1

i=0 ni exp (−j2πki/QJN).
Under the AWGN assumption, the receiver selects the sequence α̂m

q which minimizes the Euclidean
distance

λ
(
α̂m

q

)
= Tsa

∑
i

|ŝi,p − si,p

(
α̂m

q

) |2. (20)

si,p

(
α̂m

q

)
denotes a discrete-time CPM signal construction which is based on the hypothesized information

sequence α̂m
q . It is known that minimizing (20) is equivalent to maximizing the signal correlation

λ
(
α̂m

q

)
= Tsa<

(∑
i

ŝi,ps
∗
i,p

(
α̂m

q

)
)

. (21)

This can be computed in a trellis by using the recursive metric

λm,q(i) = λm,q(i− 1) + Tsa<



(i+1)N−1∑
p=iN

ŝi,ps
∗
i,p(α

m
q )


 (22)

where λm,q(i) denotes the cumulative metric which is associated with the hypothesized (L + 1)-tuple α̂m
q

at time index i. α̂m
q is associated with the mth branch metric. For efficient symbol detection, we apply

the Viterbi algorithm to the set of received samples, which is an efficient implementation of the maximum
likelihood sequence estimation method.

NUMERICAL RESULTS AND DISCUSSION

In this section, we apply the discussion of CPM-SC-FDMA to study its uncoded bit error rate (BER)
performance for a Q = 2 user system and assuming that the originating CPM waveform is an ARTM
Tier II waveform. This is a multi-index quatenary (M = 4) CPM modulation with L = 3 and Nh = 2.
The modulation indices are h1 = 4/16 and h2 = 5/16. ARTM CPM uses raised cosine frequency pulse
shaping, where
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F (t) =

{
1/2LT

[
1− cos

(
2πt
LT

)]
, 0 ≤ t < LT

0, otherwise
(23)

and the phase shaping function is derived as q(t) =
∫ t

0
F (λ)dλ.

For this study, we assume that each transmitter can transmit a block of J = 256 symbols per trans-
mission. The sampling rate is N = 8. Thus, a length 2048 DFT is used to transform the sampled CPM
waveform into the frequency domain. The results from two simulations are presented. In the first sim-
ulation, there is a single user present in the system. Thus the DFT and IDFT are both of length 2048.
In this baseline case, the only source of interference is due to the presence of additive white Gaussian
noise. In the second simulation, we assume two co-channel users. In this case, the system uses a total
of K = 4096 subcarriers, half of which are allocated to each user by applying the distributed subcarrier
mapping scheme discussed earlier. The IDFT is of length 4096. The simulation results are shown in
Fig. 4, where we demonstrate that the presence of the second co-channel user does not affect the BER
performance as compared to the case wherein there was a single user. These simulation results serve to il-
lustrate that interference cancellation is not necessary in our proposed system, as the orthogonal allocation
of subcarriers provides interference-free multiple access to both users, who share the radio channel.

CONCLUSION

In this paper, we have presented a novel framework which provisions multiple access of multi-h CPM-
like transmissions within an SC-FDMA framework. This new, power efficient modulation - CPM-SC-
FDMA - is appealing for future telemetry applications, wherein battery power or long range communica-
tions are the presiding concerns, along with the need for robust co-channel use. One of the most appealing
aspects of this new modulation is that it is based upon CPM, so that all of the algorithms which have been
developed for use for symbol detection of CPM signals are still applicable. However, the transmission
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scheme is also based on SC-FDMA, which implies that co-channel use is enabled by the use of orthogonal
subcarriers over the transmission band.
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