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Abstract—In this letter, motivated by the recent rediscovery of ~Similarly, the suboptimal successive interference cancellation
faster-than-Nyquist (FTN) signaling transmissions, we conceive (S|C)-aided maximum a posteriori detector was employed in
a frequency-domain equalization (FDE)-assisted FTN receiver [5]. However, to the best of our knowledge, the previous de-
architecture, which is capable of attaining a low demodulating : !
complexity. The proposed scheme is especially beneficial for amOdUI""torS deYe'Oped f‘?r unCOd_ed/.COdEd FTN SChemes_ were
long channel tap FTN scenario. More specifically, in our scheme based on the time-domain equalization operation, which is not
the resultant inter-symbol interference imposed by FTN signal- attractive in a long-tap FTN scenario due to its high demod-
ing is approximated by a finite-tap circulant matrix structure, ylating complexity. This limitation makes it a challenging

which allows us to employ an efficient fast Fourier transform a5k 1o achieve a moderate or high FTN’s transmission rate,
operation and a low-complexity channel-inverse-based minimum according to [6]

mean-square error detection algorithm. Our simulation results . i o .
demonstrate that the proposed scheme is capable of attaining Agdainst this background, the novel contribution of this letter

a near-optimal error-rate performance without imposing any is that we are the first to propose a low-complexity frequency-
substantial demodulating complexity as well as power penalty. domain equalization (FDE) receiver structure, which can op-
erate in the context of FTN signaling transmissions. More

Index Terms—Cyclic prefix, faster-than-Nyquist signaling, fast specifically, an addition of a short cyclic-prefix into each
Fourier transform, frequency-domain equalization, minimum  transmission block allows us to carry out fast Fourier trans-
mean-square error. form (FFT)-based low-complexity minimum-mean square er-
ror (MMSE) demodulation at the receiver. Our proposed

I. INTRODUCTION scheme is especially beneficial for a long-tap FTN scenario,

FTER the first proposal of the faster-than-Nyquist (FTN\ﬁvhere a delay spread associated with ISl is substantially large.
concept in the 1970s [1], it has recently been rediscov- 1ne remainder of this letter is organized as follows. Section

ered as a means of boosting a transmission rate beyond th&fesents the system model of the FTN signaling transceiver
defined by the Nyquist criterion [2], without imposing any’:\nd our FDE-aided receiver design. In Sect|on_lll we pro_wde
additional bandwidth expansion. In the classic band-limitd® Performance results of our proposed receiver and finally
scenarios employing orthogonal pulse shapes, the bound offi§ 1etter is concluded in Section IV.

inter-symbol interference (ISI)-free symbol interval is given

by Ty = 1/(2W)* [3], assuming that the symbols are strictly Il. SYSTEM MODEL

bandlimited tol’’ Hz. This constraint enables a simple receivex. FTN Signaling

structure, relying on a matched filter and a low-complexity Let us consider a communication system, employing an

optimal symbol-by-symbol detection algorithm. By contrasty _nqint complex-valued phase-shift keying (PSK)/quadrature
In .the F,TN signaling scheme transmitted symbol's Interv%'mplitude modulation (QAM) scheme. At the transmitter an
T'is typically set such thaf” < To, hence more symbols o mation symbols, is passed through a shaping filteft),

are packed in the time domain than in the conventionghore, is the symbol's index. Then a block of modulated
arrangement. Naturally, this induces unavoidable ISI effects bols is transmitted every symbol intera= oTy. Here

the receiver and imposes a higher demodulating complexity&niS a symbol's packing ratio, which ranges from 0 to 1,

order to eliminate 1SI. However, owing to the recent advancr‘—;\%ere a lowera corresponds to a higher transmission rate.

in computing capability, FTN signaling (i.e. signaling abovgpep, ' nder the assumption of additive white Gaussian noise
the Nyquist rate) has become more practical than before. (AWGN), the received signals may be expressed as
So far, a number of demodulating algorithms have been

developed for the FTN-signaling receiver. For example, by y(t) = \/ESang(t— nT) + n(t), (@8]
considering an ISl-contaminated FTN sequence as a sort of n
convolutional codes, the family of Viterbi algorithms wasyhere we haveg(t) = [ h(r)h*(r — t)dr and n(t) =

applied in order to detect source symbols [4]; this method ?ﬁf'n(r)h*(r — t)dr. Also, n(t) represents a random variable,
ciently implements maximum-likelihood sequence estimatiofyhich obeys the zero-mean complex-valued Gaussian distri-
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Fig. 1. The system model of our FDE-aided FTN transceiver structure.
Since the matrixG has a circulant structure as shown in
Eq. (6), we obtain the eigenvalue decomposition ®f =
, o L QTAQ* [7], where Q € CV*N are the eigenvectors. With
Assuming the perfect timing synchronization between thge 4ig of FFT, theth-row andkth-column element of is
transmitter and receiver, thigh signal sampled at the receiver 4o lated by = (1/VN) exp [=2mj(k — 1)( — 1)/N].

may be written by Furthermore, A € RV*N s the diagonal matrix, whoséh
v = y(kT) (2) element is the associated FFT coefficient, where the calcula-
’ tion complexity is ordetV log N. Although in our scheme the
= VB Y sng(kT = nT) + n(kT) ®) finite-tap approximation is assumed for the equivalent channel
" matrix G of Eq. (5), this may not be accurate depending on the
=V Ess19(0) + V Es Z sng(KT —nT) +n(kT), (4) packing ratio employed. Hence, the potential modeling error
n#k AG = G — G € R"*Y may result in a severe performance
noting that the noise componentkT) is a zero-mean Gaus-degradation, wheré represents actual infinite-ISI channels.
sian variable, having an autocorrelatify(m1)n*(nT)] = This effect will be evaluated later in Section IIl.

Nog(mT — nT). Furthermore, in Eq. (4) the first term rep- Atour FDE-aided FTN receiver, the received signals, repre-
resents the symbol of interest, while the second term denog&sited in the time domain, are transformed to their frequency-
ISI. To elaborate a little further, this 1SI term goes to zero fo#omain counterparts as follows:

the Nyquist-rate scenario, i.e. = 1, hence enabling ISI-free

symbol-by-symbol detection. yr=Q 3; (7)
o =AQ's+Q™n (8)

By contrast, the FTN signaling scheme packs more sym-
bols within a specific block interval than its Nyquist rate = As; +ny, ©)

counterpart. As above—ment?oned, this is en.abled by a!lowiweresf andn; correspond to the frequency-domain signal-
unignorable ISI effects, which may result in an erosion Qfng noise-vectors, respectively. Then, the diagonal MMSE

performance and an increase in demodulating complexiiights W € CVN*N can be readily obtained according to
necessitated by equalization. As below, we incorporate the

FDE concept in order to mitigate this limitation while attaining Wiy = N/ (A + No) (10)

a higher normalized transmission rate of FTN signaling. Here, w(; ;) and A represent thath-row andith-column

elements ofW and A, respectively. Finally, we arrive at the
time-domain symbol estimates:

§=Q"Wy; = Q"W(As; +ny). (11)
B. The Proposed FDE Aided Receiver _ ! ! _f _
To expound a little further, the MMSE weight calculation of

In our FDE-aided FTN scheme, a block-based symbglq'fgil?)nils vivrtre]IIIa?nthr?tcginne)l(ITVﬁil'rflotr;lo%eiratlzn IOftIrEq.t(il)
transmission is employed by addingZv)-length cyclic prefix s etliciently implemented by explofling the diagonal structure

. . of W.
after N modulated symbols. Then, by removing both the firdk Our FDE-aided FTN scheme's throughput is defined by

and the last-length received symbols from th@V + 2v)

ones, we arrive at thé/-length received signal block, which R N logg M [bits/s/H7], (12)
is approximated by N+2v o(l+8)
¥ =[o, - ,yn_1]l eCN where the coefficientV/(N + 2v) represents a rate-loss,

which arises due to the cyclic prefix insertion. Furthermore,

=G 5 . . :
s+m, ©®) the power penalty imposed by the cyclic prefix corresponds
wheres = [sq, - ,sy_1]7 € CV denotes the transmittedto 10log;,[(N + 2v)/N] dB. This negative effect becomes
symbol block, whilen = [, --- ,nn_1]T € CV represents marginal for long block-size scenarios, which is similar to

the corresponding noise components. More specifically, ttiose of orthogonal-frequency division multiplexing (OFDM)
kth row of the approximated tap-coefficient matr®& < and single-carrier (SC) modulation combined with FDE, which
RN*N is defined by have been adopted in the long term evolution (LTE) standards.
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C. Proposed FTN Scheme in Frequency-Selective Channels No-IS| limit, @ = 1
. . . —e— 0=08,4=03, v=1 —e— =08 =03 v=1
Having introduced our FTN transceiver model under the —v— ¢=084=03v=10 |7 a=g-§éﬁ;063v3v=l<l)
. epe . ——e—- = = = ——&—- =075 =03, v=
S|mpl|f|ed assumption of the AWGN channel, let us now carry ——v—- Zzngj’,f:Siii voi | a-078 pm04 v-10
out its extension to that applicable to frequency-selective fad- —<©— a=08p=05v=1 e ”=g-;:§=g-:~ V:io
. . . : —<— =08, B=05v= —%— a=07,3=05v=
ing environments. More specifically, we combine the above- 7708.£205v=1
mentioned FTN receiver with the conventional SC-FDE tech- o

nique. Let us consider that the delay spread associated with ~ ,
frequency-selective channels spans o4t = «L7, dura-

tions and that th&. complex-valued tap coefficients are given 102
by ¢ (I = 0,---,L —1). Then, by defining the first term
of Eq. (3) asyy = VEs > ..__, sng(kKT —nT), the received

102 |

BER

signals may be written by 10ty
L—-1 10° +
vk = > @k +n(kT) (13) .
=0
L-1 v E/Ng [dB] Ey/Ng [dB]
=VE: > Y spagkT — (1+n)T) +n(kT). (14) @ ®
=0 n=—v

. . . Fig, 2. Achievable BER performance of our FDE-aided FTN scheme
This system model also represents a circular-matrix baSﬁgbloying BPSK modulation, where we considered the cyclic-prefix length

linear block structure in the same manner as Egs. (5), (6)» = 1,10. (8) (o, 8) = (0.8,0.3), (0.8,0.4) and (.8,0.5). (b) (o, 8) =
when we have a sufficiently highvalue. Therefore the FDE- (©-8,0-3). (0.75,0.4) and (.7, 0.5).

aided FTN technique derived in Section II-B is also readily

applicable in this frequency-selective scenario.

Note that the effective ISI length in frequency-selective scassumed that the root raised cosine filter, having a roll-off
nario is (L — 1) higher than that considered in the frequencyfactor in the range from3 = 0.3 to 0.5, was employed
flat FTN counterpart of Section II-A. Naturally, this typicallyfor i(t), while considering PSK/QAM symbols, which were
increases the demodulating complexity of the FTN signalingpnveyed over the AWGN channel. The FDE-MMSE detector,
hence the advantage of our low-complexity FDE-aided FTférmulated by Eq. (11), was used at the receiver. Furthermore,
receiver over the conventional time-domain counterpart beach of the transmitter and receiver was equipped with a single

comes further explicit in this practical model. antenna element for the sake of simplicity. Throughout our
simulations, we employed;, /N, rather thanE, /Ny, where
D. Demodulating Complexity the energy loss due to the cyclic-prefix symbol was taken into

As mentioned in [8], time-domain equalization is not @&ccount in order to implement fair performance comparisons
promising approach when ISI's delay spread is high. The coMyith the conventional Nyquist-rate scenarios.
plexity exponentially grows with the channel's memory size Firstly, as shown in Fig. 2 we calculated bit-error ratio
and spectral efficiency. In contrast, owing to the explicit benefBER) curves of our FDE-aided FTN scheme employing
of the frequency-domain signal processing, in our scherhaary PSK (BPSK) modulation, where the cyclic-prefix length
any substantial increase in the demodulating complexity iswas set tor = 1 or 10. We note that in this scenario
not imposed regardless of the tap length. In order to provitlee relative variation of over the block lengthV = 1,024
further insights, we briefly assess the proposed receivernained almost constant, hence the rate-loss term of Eq. (12)
complexity as follows. Firstly, the received signal block’ss very close to unity. Moreover, in our scheme the block
transformation from the time domain to the frequency on&gngth NV was equal to the FFT size, which was chosen as
represented by Eq. (7), imposes an efficient FFT operatianpower of two in order to allow an efficient FFT operation.
Next, the weight's calculations for Eq. (10) require® real-  |n Fig. 2(a), the symbol’s packing ratio was maintained to
valued multiplications. Additionally, in Eqg. (11) the MMSEpe o = 0.8, while varying the roll-off factor froms = 0.3 to
operation costeN real-valued multiplications as well as thep 5. Also, we plotted the BER curve associated with the no-
inverse FFT (IFFT) operation. Hence, the total demodulating| scenario as a lower bound, where the optimal maximum-
complexity per symbof linearly increases upon increasing theikelihood (ML) detector was employed. Observe in Fig. 2
block length N. An additional merit is that this complexity that upon increasing the value of the BER performance

remains unaffected by the constellation siké improves, where the performance difference between the pro-
posed scheme witliv, 3) = (10,0.5) and the no-ISI limit
Il. SIMULATION RESULTS was as low as 1 dB. We note that this was achieved at

In this section we provide our performance results in ordefie additional cost of expanded bandwidth. Furthermore, in

to characterize the proposed FDE-aided FTN transceiver. \Wg. 2(b) we also compared the BER performance of additional
3 L _ FDE-aided FTN scenarios, which have a similar bandwidth
Here, the complexity is evaluated in terms of the number of real-valu

e
multiplications, where a single complex-valued multiplication corresponds é}f'c'enCyR More specifically, we considered those(ef, 3)
four real-valued ones [9]. = (0.8,0.3), (0.75,0.4) and (.7,0.5). As shown in Fig. 2(b)
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the higher regime of Fig. 4 that any significant performance
penalty was imposed in our scheme. By contrast, the lewer
value lead to the higher effective, /Ny, as predicted from
the Mazo limit [1] as well as from the high interference
effect shown in Fig. 3. In order to eliminate the performance
difference imposed between the Nyquist-rate scenario and
our FDE-aided FTN one having a moderaievalue, the
employment of powerful channel-encoding schemes, such as
turbo and low-density parity check codes, is typically required,
as mentioned in [4], [10]. Also in such an iteratively-decoded
FTN arrangement, the low receiver complexity of our FDE-
based approach is promising.

As mentioned in [8], the FDE operation typically exhibits
an order lower complexity than its time-domain equalization

Fig. 3. Effects of the values anda on the modeling error of an equivalent counterpart when the tap length is higher than 50. The same

ISI-contaminated channelfAG |2, where we considered the block size of

N = 1,024 and the roll-off factor ofg = 0.4.
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Fig. 4. Effective E}, /Ny recorded for BER= 10~°, where the symbol's

packing ratiooe was varied from 0.7 to 1.0 and the cyclic-prefix length was 2]
given by = 1 and 10 in our FDE-aided FTN scheme employing BPSK

modulation. The no-ISI limit, associated with= 1, was also plotted as the
lower bound.

the results exhibited some performance variations, which we
not substantial in comparison to those of Fig. 2(a). Therefore,

given a target bandwidth efficiendy and a cyclic-prefix size

2v, a parameter sety 3) may be appropriately optimized for [

a further slight performance improvement.
Next, in Figs. 3 and 4, we investigated the effectscaof

holds true for the FTN signaling scheme. Hence, the proposed
scheme is especially useful for a long channel tap scenario.

IV. CONCLUSIONS

In this letter, we have proposed the FDE-aided FTN signal-
ing receiver, which is capable of attaining a low-complexity
detection by relying on a diagonal MMSE criterion and an
efficient FFT operation. This is especially beneficial for a
long-tap FTN scenario, where the effective tap-length of ISI-
contaminated channels is significantly high. Our simulation
results demonstrate that the proposed scheme is capable of
attaining a near-optimal error-rate performance without impos-
ing any substantial demodulating complexity as well as power
penalty. Lastly, the proposed scheme will also be beneficial
for the FTN scheme’s practical use in optical links [11].
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