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Block Differential Encoding for
Rapidly Fading Channels
Xiaoli Ma, Member, IEEE, Georgios B. Giannakis, Fellow, IEEE, and Bing Lu

Abstract—Rapidly fading channels provide Doppler-induced
diversity, but are also challenging to estimate. To bypass channel
estimation, we derive two novel block differential (BD) codecs.
Relying on a basis expansion model for time-varying channels,
our differential designs are easy to implement, and can achieve
the maximum possible Doppler diversity. The first design (BD-I)
relies on a time-frequency duality, based on which we convert a
time-varying channel into multiple frequency-selective channels,
and subsequently into multiple flat-fading channels using orthogonal frequency-division multiplexing. Combined with a group
partitioning scheme, BD-I offers flexibility to trade off decoding
complexity with performance. Our second block differential
design (BD-II) improves the bandwidth efficiency of BD-I at the
price of increased complexity at the receiver, which relies on
decision-feedback decoding. Simulation results corroborate our
theoretical analysis, and compare with competing alternatives.
Index Terms—Decision feedback, differential encoding, diversity, fading, interleaving.

I. INTRODUCTION

M

ODELING temporal channel variations and coping with
time-selective fading are important and challenging
tasks in mobile communications. Time selectivity arises due
to oscillator drifts, phase noise, multipath propagation, and
relative motion between the transmitter and the receiver. Especially the latter is difficult to mitigate, but also useful, because
it provides Doppler diversity [15]. But in order to collect the
Doppler diversity quantified in [15], the time-selective channel
must be estimated at the receiver. Periodic insertion of known
“pilot” symbols offers an efficient means of estimating time-selective channels with bandlimited variations [2]. Uncoded
pilot-symbol-assisted modulation (PSAM) [2], however, does
not enable the available Doppler diversity. As an alternative
to PSAM, in this paper we develop block differential (BD)
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schemes that obviate channel estimation, while enabling full
diversity gains.
Scalar (as opposed to block) differential phase-shift keying
(DPSK) has well-documented merits; see, e.g., [3], [8], [18],
[19], and [23] for recent results on improving the decoder’s
performance. Differential schemes have also been designed to
collect space diversity [10], [11], as well as multiplexing gains
for multiantenna transmissions over quasi-static flat-fading
channels [7], and multipath diversity over frequency-selective
channels using orthogonal frequency-division multiplexing
(OFDM) [1], [13]. Our work focuses on single-antenna
time-selective fading channels. Especially for rapidly fading
channels, differential designs are challenging because the
channels may change from symbol to symbol, and the differential encoders must be designed properly; otherwise, the
power per transmitted block may diverge or even diminish with
time. Existing approaches designed to deal with time-selective
channels employ either multiple-symbol detection (MSD) [8],
[20], or decision-feedback differential detection (DF-DD) [3],
[19], [20], [21], [23]. Except for the designs in [4] and [21],
these alternatives are not designed to exploit Doppler diversity
gains, and may entail high decoding complexity. Repetition
codes are used in [4] to collect time diversity by sacrificing
bandwidth efficiency. The differential modulation diversity
(DMD) in [21] offers diversity without sacrificing bandwidth.
However, quantifying the achievable Doppler diversity and
designing DMD schemes capable of enabling tunable diversity
gains were issues left open in [21].
Based on an existing basis expansion model (BEM) [22],
[6], two block-differential (BD) designs are derived here: the
first (BD-I) converts a time-selective channel into multiple
equivalent frequency-selective channels, and then employs
BD modulation for these frequency-selective channels; while
the second (BD-II) directly applies BD encoding along with
DF-DD, or Viterbi decoding. Note that different from related
coherent block transceivers (such as those in [15] and [16] and
references therein), our BD approaches here do not require
channel information. Our two designs offer appealing features:
i) they enable full Doppler gains; ii) they can afford reduced
decoding complexity; iii) they obviate channel estimation,
while maintaining bandwidth efficiency identical (BD-II), or
comparable (BD-I) to, PSAM; and iv) they remain operational
even when fading channels vary from symbol to symbol. Our
two designs have complementary strengths. BD-I is flexible
to trade off performance with complexity, while BD-II can
trade off rate with complexity, and exhibits reduced error
propagation.
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Fig. 1. Discrete-time baseband-equivalent block model of transmitter,
channel, and receiver.

The rest of the paper is organized as follows. Section II introduces the channel, and the overall system model. Section III
provides a unifying description of our two BD designs. Performance based on diversity-order analysis is presented in Section IV. Simulations in Section V verify our performance analysis. At last, Section VI concludes the paper.
Notation: Upper (lower) boldface letters will be used for matrices (column vectors). Superscript will denote Hermitian,
conjugate, and transpose. We will reserve for the Kronecker
for expectation. We will use
to denote
product, and
the
th entry of a matrix , and
to denote the th
will denote the
idenentry of the column vector ;
an
column vector of all-one entries, and
tity matrix,
the
normalized (unitary) fast Fourier transformation
(FFT) matrix;
will stand for a diagonal matrix with on
its main diagonal.
II. SYSTEM MODEL
Although extensions to multiantenna systems are possible
(see, e.g., independently derived results in [21]), in this paper we
focus on single-antenna transmissions over time-varying chanare drawn from a
nels. The information-bearing symbols
with cardinality , where bits/symbol definite alphabet
notes the transmission rate. They are parsed into blocks of size
:
. Each inforis encoded by a differential encoder
,
mation block
. Each block
whose output is (see also Fig. 1):
is linearly precoded by a
matrix1 with
, to
yield
. Matrix comprises our inner encoder,
is our outer encoder. After parallel-to-serial (P/S)
while
conversion, pulse shaping, and carrier modulation, the block
is transmitted through a time-varying channel, whose delay
spread is smaller than the symbol period ; hence, no frequency
selectivity appears.
The th sample at the receive-filter output (sampled at the
) is
symbol rate
(1)
where is the signal power per symbol,
is the aggregate
time-selective impulse response that includes transmit-receive
filters at the th time slot (notice the channel dependence on ),
is additive white Gaussian noise (AWGN) with mean
and
zero and variance
. The input–output relationship (1) applies to arbitrarily rapid variations, provided that the channel
remains invariant over one sampling period . Note that the
discrete-time model in (1) is always an approximation of the underlying continuous-time channel. For the Doppler spectrum of
a mobile radio channel, the Jakes’ model has been widely used
1Linear precoding has been used in various contexts, and channels differ from
the time-selective ones considered here. For a tutorial treatment, we refer the
reader to [16] and references therein.
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[12]. As the number of sinusoidal terms in the Jakes’ model can
be prohibitively large, we are motivated to consider the parsimonious BEM of [6] and [22]. In its discrete-time baseband-equivas [15]
alent form, the BEM describes
(2)
where
and

(3)

denoting the maximum Doppler shift,
with the parameter
is the block index which represents the th realization of
’s, and
stands for the ceiling integer. Because it can be
, and
measured experimentally in practice, we assume that
thus , are known and bounded ( and
are up to the designer’s disposal). Time variation in the BEM (2) is captured
by the discrete-time complex exponentials, while the coeffiremain invariant over each block containing
cients
symbols. A fresh set of BEM coefficients is considered every
seconds.
are S/P converted to form
At the receiver, the samples
blocks with (so-termed polyphase) components
the
. The matrix-vector
counterpart of (1) can then be expressed as
(4)
where
is defined similar to

..
.

, and
. Defining

..
.

..
.
(5)

we can express

alternatively as
(6)

Notice that
contains the BEM coefficients that remain
invariant per block. Each block
is linearly processed by
matrix , to obtain
. Corresponding
the
is
to , matrix comprises our inner decoder. The block
to obtain
finally decoded by a differential outer decoder
an estimate of
:
. Since, in the following,
we will work on a block-by-block basis, we will drop the block
index .
III. BLOCK DIFFERENTIAL DESIGNS
Since we allow
in (2) to change from symbol to symbol,
differential designs for such rapidly time-varying channels are
more challenging than existing designs for quasi-static flat [10],
[11] and frequency-selective channels [1], [13]. In this section,
we will show how to jointly design the differential outer codec
and
, and the inner codec
for time-selective
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channels to bypass channel estimation, and achieve the maximum possible Doppler diversity.
A. BD Design I (BD-I)
Starting from the diagonal matrix
we can express
as ([5, p. 202])

in (4) and based on (6),

(7)
matrix with first column
, and
denotes
the -point FFT matrix. From (7), we deduce that (4) could
have resulted from an OFDM-based transmission over a
taps, whose channel
frequency-selective channel with
is circulant, due to the insertion and removal of the
matrix
cyclic prefix (CP). We will find this time-frequency duality
useful in our ensuing design.
1) Inner Codec: In BD-I, the inner codec will be designed
, into
identical
to split the large channel matrix , or
submatrices of size
each, with guards of size between
them. To this effect, we select the information block size to
. The inner encoder
be a multiple of ; i.e.,
is given as
where

is a circulant

subblocks of the same block, in a
of BD encoding across the
fashion that can be thought of as the time-frequency dual of that
applied in [13] for frequency-selective channels. What makes
this possible is the BEM, which entails quasi-static coefficients
per block, while allowing for rapid variations within the block
and
through the bases. In the following, we will introduce
.
2) Outer Differential Codec: Substituting
and
inserting (10) into (4), we can rewrite the input–output model
as
(11)
where
split the vectors

. In accordance with the inner codec, let us
, and into
equally long subblocks; i.e.,
, and likewise for
, and . Now, we
can write (11) in a per-subblock form as
(12)

Before entering the inner encoder, we differentially encode each
subblock as follows:
if
if

(13)

(8)
where
is nothing but the matrix
implementation of inserting a CP of length per subblock of
using
size

with
denoting the power per precoded
symbol in each transmitted block. From the size of
in (8),
.
we can verify that
At the receiver, we design the inner decoder as
(9)
where
is the matrix
implementation of the CP removal operation per subblock. Note
is still white, since
is unitary.
that if is AWGN,
Using (7)–(9), it follows by direct substitution that the equivalent aggregate channel becomes
(10)
where

, and

.
The role of the inner codec is to convert the time-selective
channel into an equivalent frequency-selective channel (via
and
); partition each block containing information symsubblocks; and to apply OFDM per subblock. Note
bols into
subblocks, the equivalent channel matrix is the
that over the
same, namely,
, since the BEM coefficients remain invariant
information symbols. This enables application
per block of

diagonal matrix
conveys the inwhere the
formation, and is chosen to correspond one-to-one with the th
is chosen from a finite
subblock . Suppose each entry of
alphabet with cardinality , i.e., each symbol contains information bits; therefore, we need to design with cardinality
. A simple design comprises a commutative group
of diagonal matrices with
elements, so as to make it
cyclic [10], as follows:
(14)
where the generator matrix
. With
this design of , if we select
, the maximum
Doppler diversity can be guaranteed [10]. However, when
and/or is large, the drawback of the differential scheme in
(13) is twofold: its design entails computationally complex
search; and its decoding complexity is high. In the following,
we will modify our differential design by partitioning the bases.
This partitioning can be thought of as the dual of the subcarrier
grouping approach of [13]. The resulting scheme will turn out
to enjoy full diversity, and at the same time, it will provide
flexibility to trade off decoding complexity for performance.
into
groups, each with
Suppose that we further split
. The th group is given as
length ; i.e.,
. Our idea is to apply
the differential encoder (13) per group across all the subblocks,
as follows:
if
if
where
the information from

(15)

, the diagonal matrix
conveys
. Now, in order to support rate , we
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only need to design a set with cardinality
. The
is a unitary matrix. Note
design of in (14) shows that any
, i.e., when the channel is time invariant during
that when
one block, vectors and matrices in (15) become scalars, and our
differential design reduces to the scalar DPSK [18, p. 272].
To derive our inner BD decoder, we use (12) to write the
input–output relationship for the th group of the th subblock
as
(16)
and
are defined as
, and
where
is the channel submatrix from
corresponding to the
with
, we have
group . By interchanging
, where
,
and
contains the diagonal elements of
. Since
is unitary,
is also unitary. Relating
with
,
we find [cf. (16)]
(17)
Plugging

into (17), we obtain
(18)

where

is AWGN, because
is a unitary matrix.
Based on (18), the maximum-likelihood (ML) detector for
is
(19)

denotes the Frobenius norm. Using the one-to-one
where
, we can obtain the information condemapping
from
, with full Doppler diversity order
veying group
that we will quantify in Section IV.
3) Bandwidth Efficiency: Before we summarize our BD-I
design, we will first analyze its bandwidth efficiency, and derive
and
values that optimize it. Since one subblock is used
to initialize the differential recursion, the bandwidth efficiency
(defined as the ratio of the number of information-bearing symbols over the block size) is given by
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, we infer from (20), (22), and (23) that
Since
the maximum bandwidth efficiency of our BD-I scheme is
(24)
, we infer from (24)
Recalling from (3) that
that the spectral efficiency of BD-I drops as the Doppler spread
(channel variability) increases.
We summarize our codec BD-I in the following steps.
At the transmitter:
: Given
and , select , and then decide
based on (3); as we will explain in Section IV, complexity versus performance tradeoffs suggest fixing to
.
a value in
: Choose
and
from (22) and (23), re; then factor
spectively, so that
such that
.
: Generate
information groups , each of
, and use the first subblock to initialize the
length
; i.e., does
differential recursion (15),
not convey any information.
: Design a one-to-one mapping from
to
, and from
to
.
: Perform the differential encoding as in (15).
: Implement the OFDM-based inner coder given
in (8).
At the receiver:
: Perform the OFDM-based inner decoder as in
(9).
: Decode the matrix
by using the ML decoder in (19).
: Demap
to obtain
.
B. BD Design II (BD-II)
On top of the initialization that is inherent to all differential
designs, the CP insertion per subblock causes extra bandwidth
loss in BD-I. Our desire to improve the bandwidth efficiency of
BD-I motivates the BD scheme of this subsection, which avoids
CP guards, and thus operates on blocks of size
.
the
, we design the
1) Inner Codec: With
inner encoder in BD-II as

(20)
Fixing the block size
depends on the number of subblocks
and their size
. Since
, we deduce
. Then (20) can be rewritten as
that
(21)
Temporarily, let us consider
as a positive real number, and
optimize
by differentiating it with respect to
. Based on
(21), we obtain
(22)
(23)

..
.
where
with

is the th column of
yields

. Encoding the

(25)

vector
with
.
is a block
The structure of shows that the inner encoder
interleaver with depth . The interleaver implemented via
is at the symbol level, which should not be confused with the
bit interleaver advocated in [14] to enable turbo differential deis similar to the block interleaver used in
coding. Note that
[21]. Different from [21], our BEM-driven design of transmission parameters illuminates rather nicely the relationship among
, interleaver depth
, and the length
channel variation
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of transmitted blocks
. This relationship also guides the seto satisfy
.
lection of
is chosen
Accordingly, at the receiver, the inner decoder
as
, which deinterleaves the received vector (see
Fig. 1). Interleaving and deinterleaving, based on (25), result in
Vandermonde matrix
in (5) into
dividing the
nonoverlapping (polyphase) submatrices
. Each
submatrix
is also a
matrix with
st entry
. Since
, it follows that
is
unitary. The equivalent channel matrix becomes [cf. (6)]
(26)
where
, and is defined as in (5).
From (4), we can write the input–output relationship as
(27)
where
. Since
is a permutation matrix, is still
AWGN. Based on (26), (27) can be expressed per subblock of
as
size

is independent of

, which allows us to rewrite (30) as
(32)

is AWGN because
is a unitary matrix. Note that because
is a
cyclic group,
.
Comparing (18) with (18) in BD-I, we notice that the
right-hand side of (18) depends on the previous symbol matrix
. Therefore, detecting
in (18) will depend not only
on the received vectors
and
, but also on the symbols
transmitted in earlier intervals. This is because in BD-I, the
equivalent channels in consecutive subblocks are identical [cf.
(12)], while in BD-II, the channels vary across subblocks [cf.
(28)]. To handle slow time variations in, e.g., DPSK systems,
MSD and DF-DD have well-documented merits (see [3], [8],
[19], [20], [21], [23], and references therein). To cope with
the multisymbol dependence in (32), we will develop two
detectors: one using block DF-DD, and another relying on the
Viterbi algorithm (VA).
denote the estimate of
, we have [cf.
Letting
(32)]
where

(28)
where
are defined in a polyphase form similar to
. Note that compared with in (16), in (28) does not experience signal power loss. Relative to the inner codec
of BD-I, we observe that
do not include CP, they do
not entail IFFT and FFT operations, and they do not exploit the
BEM structure; as such, similar to [21], (28) holds true for any
time-selective channel model, including Jakes’ model.
2) Outer Differential Codec: The outer differential encoder
in BD-II starts by splitting the
vector to obtain polyphase
with
subblocks
. Mapping
to
, and generating
by using the unitary differential modulation of [10] and [11] between consecutive subblocks, we obtain
if
if

(29)

diagonal matrix
is conwhere the
sistent (except for dimensionality) with the definition in (14).
with
in (28), we have
By interchanging
. Because the BEM coefficient vector
remains unchanged across subblocks of the same block, and
are unitary, considering two consecutive
subblocks, we obtain [cf. (28)]

(33)
where
DF-DD is defined as

. Our block

(34)
is no longer white, which renNote that the aggregate noise
ders DF-DD suboptimal in general. At the same time, since the
depends on
, error propagation is undecision on
avoidable. Compared with the DF-DD in [21], our detector in
(34) also takes into account the dominant channel correlation
between two subblocks, because the BEM captures the major
variations of the underlying time-selective channel and incorporates the correlation between differentially encoded subblocks.
To mitigate error propagation, one can resort to MSD, which,
in our case, detects multiple subblocks, but also increases
decoding complexity exponentially with the number of subblocks. Instead, we recommend the VA, which achieves ML
optimality with complexity comparable to DF-DD. From (18),
we can write the ML sequence detector as

(35)
(30)
Thanks to the inner encoder (25),
instead of
, we only need
plexity. Next, we observe that2

is unitary. Therefore,
, which enables low com-

(31)

e

2Note

that although
] , this is not the case for

=

! ] with !

diag[

.

:=

;e

[1

;...;

Because the decision on
depends only on a single previous
, we design a VA with
states.
subblock
The path metric for the th stage from state
to state
is
. Using VA searching through a trellis
stages, we can estimate
. Then, we
with
have
. The estimate of
can be found
to
. Notice that the block DF-DD has
by demapping
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complexity of
, while the VA has slightly higher
.
complexity of
symbols are used
3) Bandwidth Efficiency: Since only
to initialize (29), the bandwidth efficiency of BD-II is
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, that
is incorrectly decoded as
[9]–[11]. As usual, the conditional PEP for the model in (18)
can be approximated using the Chernoff bound as ([18, p. 53])

(36)
(37)
For
, the optimum bandwidth efficiency
of BD-I
is smaller than , since BD-I loses bandwidth not only for initialization, but also due to the CP insertion per subblock. Note
that the bandwidth efficiencies ( and ) of our two schemes
are lower than those of scalar DPSK schemes. This is because
our transmitter designs take into account the channel time variation, and is the price paid to enable the Doppler diversity. As we
have mentioned, an alternative approach to coping with timevarying channels is PSAM. Accounting for the pilot symbols
per block, the bandwidth efficiency of PSAM is
, which is identical to (36).
In summary, BD-II relies on the following steps.
At the transmitter:
: Given
and , select , decide based
as
.
on (3), and find
: Generate
information subblocks
, each
with length
, and use the first subblock
as reference to initialize the differential recursion (29).
: Design a one-to-one mapping from
to , and from to
.
: Perform the differential encoding across as
.
in (29) to obtain
: Implement interleaving of
as in (25) to
obtain
.
At the receiver:
: Deinterleave the received vectors
to
.
: Decode the matrix
by using (34), and then
by using (29).
: Demap
to
.

Based on AS2), we ignore the noise term in (37) and
the error-propagation effect (perfect estimation for the
to
via
previous subblocks), and relate
, to obtain [cf. (37)]

(38)

It is worth mentioning that the variance of
in (18) is
,
, consistent with the well-known
which is twice that of
3-dB loss in SNR that differential detectors exhibit relative to
coherent ones.
Although the channel is unknown at the receiver, based on
AS1), (38) allows us to average the conditional PEP over the
Rayleigh distributed channel parameters. From the definition of
in (6), we find that
, where
denotes the
equispaced rows from the first
columns of the FFT matrix
. Defining
, and eigendecomposing
,
, where
we find
contains the nonzero eigenvalues of
, and
is the rank of
. The average PEP
depends on the rank of
. Thus, the maxthe matrix
imum Doppler diversity is defined as (see, e.g., [10], [11], and
[15] for details)

IV. PERFORMANCE ANALYSIS
Considering the tradeoffs among diversity advantage, bandwidth efficiency, and decoding complexity, in this section, we
want to select the parameters in BD-I and (or ) in BD-II,
along with the differential group design in [10] to provide
performance guarantees, at least for high signal-to-noise ratios
(SNRs). Our derivations are based on the following operating
conditions.
: BEM coefficients
are zero-mean, complex
Gaussian random variables.
: High SNR is considered only for deriving the diversity order.
[cf. (16)] for BD-I as
If we consider each subchannel in
a transmit antenna, our single-antenna setup can be viewed as a
system with transmit and one receive antennae, similar to that
considered in, e.g., [10]. Employing ML decoding in (19) at the
receiver, we will analyze the pairwise-error probability (PEP)

(39)
has full rank, i.e.,
,
If the correlation matrix
and
, then the maximum diversity
is enabled
by our differential scheme with designed as in [10] and [11].
, the achieved diversity is . Therefore, in
When
general, we have that the diversity gain achieved by BD-I is
(40)
Note that the cardinality of also depends on the group size
. Hence, the decoding complexity also depends on . As
increases, the decoding complexity also increases. Since is a
tuning parameter, by adjusting , the designer has flexibility to
trade off affordable decoding complexity for desirable performance.
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As for BD-II, we can also achieve maximum diversity order
. Assuming there is no error propagation
,
based on (33), the conditional PEP for BD-II is

(41)

Ignoring the noise at high SNR range, and plugging
into (41), we obtain that the conditional PEP is
given by

(42)
Unlike BD-I, there is no flexibility in BD-II to adjust the information length per subblock. If the length of each subblock
, then
is not unitary; i.e.,
is smaller than
, and the differential detectors in (34) and (35) are
no longer applicable. When the subblock size is greater than
, the decoding complexity increases, while the performance may not increase. Also note that in (38) is less than
in (42) because
, which results in a
reduced performance of BD-I, relative to BD-II.
, as the number of symbols per
Remark: For a given
increases, increases along
block , or the symbol period
with the channel-induced Doppler diversity gain. However,
longer block lengths result in longer decoding delays, and
require higher decoding complexity (especially for BD-II).
to small values, say
These considerations suggest limiting
. One could argue that such a choice limits the diverto
. But this is a reasonable compromise,
sity gain
if one takes into account that diversity orders greater than five
show up in bit-error rate (BER) curves for very high SNR
dB) that are well beyond the practical
values (say SNR
range.
V. SIMULATED PERFORMANCE
To illustrate the performance of our differential schemes
(BD-I and BD-II) over time-selective channels, we carry out
b/symbol. In
simulated comparisons. The symbol rate is
BEM coefficients
Test Cases 2 and 3, we assume that the
are complex Gaussian distributed with zero mean. In Test
Cases 4, 5, and 6, we rely on the Jakes’ model containing 200
sinusoidal terms ([12, p. 68]) to generate our time-selective
, where
is the signal
channels. The SNR is defined as
power per information bit. Note that in order to guarantee the
validity of (1), we select small values.
1) Test Case 1 (Channel-Model Validation): For the Jakes’
GHz,
model in [12, p. 68], we select carrier frequency
km/h, sampling period
s, and
mobile speed
to generate one realization of the timeblock length
varying channel depicted in Fig. 2. To demonstrate the validity
of the BEM, we vary the number of bases and find the channel
using the least-squares method in [15]. In
coefficients

Fig. 2. BEM validation.

Fig. 3. Performance comparison of BD-II with and without error propagation.

Fig. 2, we also depict the approximate channels using the BEM
bases. We observe that, as increases, the
with
BEM approximates the Jakes’ model well.
2) Test Case 2 (Error-Propagation Effects): In Section III-B.2, we have claimed that the DF-DD for BD-II causes
unavoidable error propagation. To delineate the effects of error
propagation, we compare two cases here: one is with error
propagation, i.e., the estimate of the previous symbol
is used in (33); and the other is without error propagation,
is assumed in (33). We
which means that the true value
corresponding to
,
select
and decide the block length from (3) as
,
respectively. The BER performance is plotted in Fig. 3. We
notice that the error-propagation effect on the performance of
our DF-DD is small (less than 0.3 dB), or even negligible. This
should not be surprising because the initial subblock is known,
and the decision of the current subblock only depends on a
single previous subblock.
3) Test Case 3 (Performance Comparisons With Coherent
for a given
Receivers): In this test case, we select
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Fig. 4. Performance comparisons with coherent receivers.

or
. Accordingly, the block length is chosen
, or . For BD-I, we select
and
from (3) as
based on (22) and (23), and the group size
. We compare the performance of BD-I and BD-II in Fig. 4. From the BER
slopes, we infer that both BD-I and BD-II (with either DF-DD
. However, for fixed block
or VA) achieve full diversity
increases, the performance of BD-I becomes
length , as
worse than that of BD-II, because of the power wasted on the
CP guards. The bandwidth efficiencies are
and
for BD-I and BD-II, respectively.
In Fig. 4, we also plot the benchmark performance of coherent receivers, assuming that the channel is perfectly known
at the receiver. Comparing the performance of our differential
schemes with those of coherent receivers, we notice the “3-dB
difference” that we expected from Section IV.
4) Test Case 4 (Performance Comparisons With
PSAM): Relying on the Jakes’ model with
GHz,
km/h, and sampling period
s, we
compare the BER performance of our differential designs
(BD-I and BD-II) against the PSAM-based design in [2] for
both uncoded and convolutionally coded cases. For BD-I, we
. For
select the parameters as
BD-II and PSAM, we have the block lengths as 1, 203 and 1,
200, respectively.
In Fig. 5, uncoded performance of the three schemes is
, the performance of BD
plotted. We observe that since
schemes is better than PSAM. This is because fast-varying
channels introduce Doppler diversity, and our differential
schemes enjoy Doppler diversity gains, although they are not
designed based on Jakes’ model; whereas for PSAM, the diversity order is always about one. Note that for moderate-to-high
SNR values, our designs outperform PSAM, again thanks to
the Doppler diversity gains.
We also compare the coded performance of these three
convolutional code with genschemes in Fig. 6. A rateerator
and a block interleaver with depth 30 are
employed before the differential encoder in Fig. 1. After differential decoding, we perform hard Viterbi decoding. Observing
Fig. 6, we notice that thanks to the convolutional code, PSAM
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Fig. 5.

Performance comparisons of BDs with PSAM (uncoded case).

Fig. 6.

Performance comparisons of BDs with PSAM (coded case).

collects diversity and coding gains. In the low-to-medium
SNR range, PSAM outperforms our BD designs, but roles
are reversed at medium-high SNR, where diversity benefits
become more pronounced.
5) Test Case 5 (Performance Comparisons With [20]): In
this test case, we compare our schemes with the one in [20].
The channels are generated using the Jakes’ model with
GHz,
km/h,
s, and
. The BER
performance is depicted in Fig. 7. Note that our differential
schemes demonstrate performance with full diversity. However,
the scheme in [20] can only achieve diversity one. Compared
with [20], the price we pay here is threefold: our schemes may
exhibit longer decoding delays because of the block transmission design; our schemes have relatively higher decoding complexity; and our transmissions have lower bandwidth efficiency.
Furthermore, compared with Fig. 7, we notice that the gap between the performance of BD-I and that of BD-II is broadened.
This is because theoretically, BD-I performs well if BEM captures the main channel variation. Since the channel here is generated by the Jakes’ model, (11) is not exactly true any more.
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VI. CONCLUSION
We designed two novel BD schemes that bypass estimation
of rapidly varying fading channels. Both encoders take advantage of the maximum Doppler spread at the transmitter. We
derived our first differential scheme by converting a time-selective channel to multiple frequency-selective channels, and
our second scheme by using block DF-DD or Viterbi decoding.
Analysis of the PEP and simulations revealed that both designs
enable the maximum available Doppler diversity. Equispaced
grouping offered flexibility in BD-I to trade off performance
with decoding complexity, while decision feedback allowed
BD-II to gain in bandwidth efficiency at the expense of complexity. Numerical simulations indicated that both differential
schemes outperform uncoded PSAM, coded PSAM at high
SNR, and noncoherent alternatives, especially in rapidly fading
channels.3
Fig. 7. Performance comparison of BD with [20].

Fig. 8.

Performance comparison of BD with MSD [8].

DF-DD can be used to improve the performance of BD-I. However, this goes beyond the scope of this paper.
6) Test Case 6 (Comparisons With [8]): In the literature,
MSD has been advocated to deal with channel variations, at
the expense of increasing decoding complexity (see, e.g., [8]).
The major difference between our schemes and the conventional DPSK with MSD is at the transmitter. Selecting
GHz,
km/h, and
s, the
. Again, Jakes’ model
number of bases in this case is
is used to generate the channels. We select the design in [8]
as an MSD representative, and test it with different MSD sizes
. Fig. 8 depicts the simulated performance.
Thanks to the judicious transmitter design, our schemes achieve
higher diversity than [8], even with lower decoding complexity.
Note that our receivers have comparable decoding complexity
. The MSD scheme in [8], though,
with [8] when
values.
exhibits diversity order one, even with large
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