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1  Introduction
The Internet of Things (IoT) provides a medium to collaborate and correspond among 
numerous devices and sensors with applications and presents a broad application prospect 
for future wireless communication networks [1, 2]. The evolving Internet of Vehicle (IoV) 
networks is supposed to enable denser and rapider information interaction and connectiv-
ity to meet the requirements of mass services and applications for smart transportation sys-
tem [3–5]. However, transmitting massive data within limited authorized spectral resources 
is one of the most urgent challenges [6, 7]. Besides, inevitable spectrum conflict requires 
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more effective spectrum management [8]. Therefore, technology with higher spectral effi-
ciency is expected to relief the burden of spectrum scarcity and conflicts. The main idea to 
improve the spectral efficiency can be divided into three categories. The first one is to cog-
nate and manage spectrum resource [6, 8]. Besides, the information is expected to transfer 
simultaneously to lift the transmission rate [1, 9]. Multi-antenna or multi-beam communi-
cation methods also enable to realize higher transmission rate in 5G based IoT system at 
the cost of transmission power or space [10, 11], whereas the potential of higher spectral 
efficiency still worth digging from the transmitted signal form and transceiver structure. 
Due to the wide application of orthogonal communication systems, a series of approaches 
focus on improving the spectral efficiency of Orthogonal Frequency Division Multiplex-
ing (OFDM). It is known that the symbol rate of OFDM should not exceed the maximum 
rate of Nyquist criterion, otherwise the inter-symbol interference (ISI) would seriously 
affect the system performance. To fulfil the increasing spectral efficiency requirements, 
higher-order modulation methods are adopted. However, the sensitivity to noise and the 
impact of device nonlinear interference on the system will be larger with higher modula-
tion order [12]. Moreover, several waveforms are proposed to lift the spectral efficiency for 
mass-data applications. Typically, multi-carrier technologies based on pulse shaping, such 
as Generalized Frequency Division Multiplexing (GFDM) [13], Universal-Filtered Multi-
Carrier (UFMC) [14] and some efficient transmission methods based on Fast-Convolution 
Filter Bank (FCFB) [15], are proven effective in restraining the out-of-band radiation and 
inter-band interference. However, the spectrum efficiency within the signal bandwidth still 
remain unchanged in these existing schemes. In that case, research on more efficient trans-
mission technique has always been concerned in IoT scenarios. Nonorthogonal transmis-
sion schemes are promising in achieving high spectral efficiency [16]. As for a system using 
a sinc function shaping filter, 25% more data can be transmitted than the orthogonal sys-
tem within the same bandwidth [17]. According to the theoretical demonstration, Faster-
Than-Nyquist method (FTN) is proposed for higher symbol transmission rate by adjusting 
the period of the shaping filter under the Nyquist period. Besides, a high spectral efficiency 
transmission method named spectrally efficient frequency division multiplexing (SEFDM) 
is proposed from the spectral compression aspect, also breaking through the Nyquist crite-
rion in orthogonal systems [18]. These two non-orthogonal modulation techniques improve 
the spectrum efficiency at the cost of introducing ISI and inter-carrier interference, leading 
much detection difficulty [19]. It is proven that linear detection techniques like zero forcing 
detection perform undesirably. Thus, several nonlinear detection methods, such as iterative 
decoding (ID) and sphere decoding (SD), are conducted to retain the BER but with higher 
complexity [20, 21]. Despite the higher spectrum efficiency of non-orthogonal methods, 
the improved effect was constrained by the Mazo limit which is upper-bounded at 0.8 with 
sinc shaping filter in frequency domain [22]. Extrapolation algorithms used to apply in 
medical imaging, optical signal processing and image reconstruction fields [23–25]. Due to 
the transmission or the detection environment, some segments of data are lost or seriously 
distorted. To complement the partial data, Gerchberg and Papoulis independently propose 
the Gerchberg–Papoulis extrapolation algorithm for band-limited continuous functions 
(referred as GP algorithm) [26, 27]. Later, the Sanz–Huang theorem for extrapolating dis-
crete signals is provided, and the requirements of convergence for discrete GP extrapola-
tion observation signals are discussed to evaluate the feasibility [28, 29]. Also, the signal 
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extrapolation methods are verified effective towards band-limited signals in higher-dimen-
sion or linear canonical transform (LCT) domain [30, 31]. Those analysis and conclusions 
indicate the applicability of extrapolation to recover the bandlimited signals.

The transmission scheme proposed in this paper is to realize high spectral efficiency 
communication, with the following properties and contributions: 1. Based on the tradi-
tional OFDM transmission structure, the entire OFDM signal can be recovered from only 
half of it by GP algorithm. The compressed ratio as low as 0.5 will not generate self-inter-
ference on BER performance during extrapolation. 2. The recovery process is to extrapolate 
the orthogonal OFDM signal from non-orthogonal received compressive OFDM signal. 
A regularized extrapolator at the receiver is designed to restrain the influence of additive 
white noise, causing ill-posed extrapolation. To guarantee the accuracy of recovery, the 
actual extrapolating points should exceed the number of sub-carriers. 3. The proposed 
transmission scheme with simple linear decoder enables nearly 100% improvement on 
throughput rate compared to that of OFDM system with the same decoder and at least 60% 
improvement against SEFDM, but with higher computational complexity. The remaining of 
this paper is organized as follows. In Sect. 2, the GP algorithm is addressed as preliminary. 
In Sect. 3, compressive OFDM system model is given the error of the recovery algorithm 
and related compressed factors are designed to give out a recovery method. In Sect. 4, the 
simulation results of the BER and throughput rate of the system are presented to verify the 
improvements of the proposed method. Section 5 draws the conclusion of this paper.

2 � Preliminaries
2.1 � GP algorithm

The GP algorithm provides an iterative method to determine a bandlimited analytic func-
tion from a segment of it [26]. The premise of a feasible GP algorithm is that the original 
extrapolated f(t) is bandlimited with finite energy.

where F(ω) denotes the Fourier transform result of f(t), and � is a positive signal 
bandwidth.

Assume that only a finite segment g(t) of f(t) can be observed

where the operator pT truncates f(t) within [−T ,T ] and T is positive.
The process of the extrapolation follows Table 1, where Fourier transform (FT) operator 

and the Inverse Fourier transform (IFT) operator express as

where P� denotes a low-pass filter satisfying

(1)
F(ω) =0, |ω| > �,

∫ +∞

−∞

∣

∣f (t)
∣

∣

2
dt =

∫ +∞

−∞
|F(ω)|2dω < +∞,

(2)g(t) = f (t)pT (t),

(3)F
−1{X(ω)} =

∫ ∞

−∞
X(ω)ejωtdt,
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It can be found that each iteration consists of 4 main steps, named forward transform, 
filter, inverse transform, replacement. Note that the replacement process in Step 4 
satisfies:

According to the Fourier transform (FT) pair of sin�t/π t ↔ P�(ω) , the GP extrapola-
tion process can be conducted as

The GP algorithm is conducted under noiseless condition. Particularly, fi(t) → f (t) 
when i → ∞ for any t. In the presence of noise, GP algorithm cannot theoretically guaran-
tee convergence to the original function, nor can it obtain a convergent error.

2.2 � Expansion for bandlimited signal with prolate spheroidal functions

Let f(t) be �-bandlimited, the expansion form with prolate spheroidal functions (PSF) can 
be expressed by

where φk(t) denotes the kth eigenfunction and the corresponding eigenvalue �k is calcu-
lated from

The eigenfunction are totally orthogonal in the entire time domain and the interval 
(−T ,T ),

(4)P�(ω) =
{

1, |ω| ≤ �,
0, |ω| > �.

(5)gi(t) = g(t)+ (1− PT (t))fi(t).

(6)fi(t) = fi−1(t)+
∫ T

−T
(g(τ )− fi−1(τ ))

sin σ(t − τ )

π(t − τ )
dτ .

(7)f (t) =
∞
∑

k=0

�kφk(t),

(8)�k =
∫ +∞

−∞
f (t)φ∗

k (t)dt.

Table 1  GP extrapolation for a bandlimited function

Input Finite segment g(t), maximum iterations ite
Initialization The current iteration i = 1 , g0(t) = g(t)

Step1 Do FT towards gi−1(t) and receive Gi−1(ω) = F{gi−1(t)}
Step2 Filter the Gi−1 with P� and receive Fi(�) = Gi−1 · P�
Step3 Do IFT towards Fi(ω) and receive fi(t) = F

−1{Fi(ω)}
Step4 Exchange the segment of fi(t) with the known segment g(t)

Step5 If i ≤ ite , the iteration proceeds from Step 1 and i = i + 1

Otherwise, output the result as f̂ (t) = gi(t)
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The eigenvalues are real, positive and ordered with descending value as

The finite segment as shown in (2) can be expanded as

where the eigenvalue is

It can be seen that the energy of f(t) and g(t) are both finite.

3 � Methods
This section introduces the main methods used in the compressive OFDM model. The 
generation method of compressive OFDM signal is proposed based on the band-limited 
characteristic of traditional OFDM signal. Accordingly, the recovery method is given 
with analysing the error considering influential parameters and noise.

3.1 � Generation method of compressive OFDM signal at transmitter

An N-subcarrier OFDM signal with rectangular window function shaping filter can be 
expressed as

where T is the symbol period of OFDM signal and the subcarrier frequency space 
�f = 1/T  satisfying the Nyquist orthogonality criterion. As the subcarrier waveform is 
the sum of a set of sinc functions, the bandwidth can be approximately calculated as 
BOFDM = N/T  . It is found that the OFDM signal can be regarded bandlimited with 
finite energy. According to the explanation of GP algorithm, the entire OFDM signal 
could be theoretically extrapolated from a segment of it. On this basis, the compressive 
OFDM system can be established as follows.

(9)

∫ +∞

−∞
φk(t)φ

∗
l (t)dt =δk ,l ,

∫ +T

−T
φk(t)φ

∗
l (t)dt =�kδk ,l .

(10)1 > �0 > · · · > �k > · · · > 0, lim
k→∞

�k = 0.

(11)g(t) =
∞
∑

k=0

ζkφk(t),

(12)ζk = 1

�k

∫ +T

−T
g(t)φ∗

k (t)dt.

(13)

∥

∥f (t)
∥

∥

2 =
∞
∑

k=0

|�k |2 < +∞,

∥

∥g(t)
∥

∥

2 =
∞
∑

k=0

|ζk�k |2 < +∞.

(14)s(t) = 1√
T

N−1
∑

n=0

xne
j2πnt
T ,
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Figure  1 depicts the generation diagram of compressive OFDM signal based on the 
structure of traditional OFDM system. To obtain the compressive OFDM signal with 
compressed ratio α , the traditional time-domain OFDM signal is processed by a trunca-
tion filter. In particular, the location of the reserved original OFDM signal is defined as 
the support set. The generation process is equivalent to the point product of the source 
and the truncation filter, defined as

where sα(t) denotes the compressive OFDM signal, and pα(t) is the truncation filter in 
the time domain satisfying

where the rectangular window rect(‘) retains the data in the supporting set � . The 
expression of the compression ratio is calculated by α =

∑

T (�)/T .
Obviously, information beyond the supporting set in original OFDM is discarded via 

truncation filter. Whereas the truncated segment is relevant to the remaining segment 
(the compressed OFDM symbol) via DFT so that it still can be recovered. The relation-
ship among the remaining segment, truncated segment and the original signal can be 
mathematically explained in Sect. 2.2. It is found that the entire bandlimited continu-
ous OFDM signal and the truncated compressive OFDM signal can be expressed at the 
same prolate sphere basis. The former one can be determined by the latter one according 
to the analytical continuation principle [32]. In addition, the frequency spacing of com-
pressive OFDM signals maintains while the symbol duration turns shorter by the com-
pressed ratio α , namely relationship of the symbol period of compressive OFDM and 
OFDM is Tcps = αT .

3.2 � Recovery method for compressive OFDM signal at receiver

In Fig.  2, the receiver structure can be illustrated on basis of OFDM system, with an 
extra extrapolator module correspondingly to recover the received signal.

The signal after S/P should be up-sampled with the sample period Tcps/(αkN ) , 
where k represents the up-sampling rate. The up-sampling is required due to the con-
straint of recovery process based on GP algorithm. Take an N-point information source 
as an example, only N/2-point signal is received and used to be extrapolated to obtain 
the following N/2 points if the minimum Nyquist sampling rate is considered. As the 

(15)sα(t) = s(t) · pα(t),

(16)pα(t) = rect(
t

T
) =

{

1, t ∈ T (�),
0, t /∈ T (�),

Fig. 1  Simplified generation modem of compressive OFDM signal
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description in Table 1, the N/2-point received compressive OFDM time domain signal 
is zero-tapped to N points at the end, and then undergoes N-DFT, low-pass filter, and 
N-IDFT. After that, the N/2 points of the intermediate time domain result in the sup-
porting set are replaced with those of received segment.

According to the description of the extrapolation filter, the low-pass filter retains all N 
points and the points beyond the supporting set are still zero after IDFT. In that case, the 
above-mentioned iteration is invalid and no extra point is extrapolated. Therefore, up-
sampling is necessary for the recovery for compressive OFDM signal. The influence of 
module parameters will be discussed in 3.3.

3.3 � Parameter setting for compressive OFDM system

3.3.1 � Compressed ratio and truncation filter at transmitter

Note that the compressed ratio α and truncation filter pα(t) should be designed in 
advance to determine a compressive OFDM signal. The mapping mode is BPSK and the 
bandwidth of extrapolation filter is the same as that of BPSK-OFDM signal. Three modes 
of truncation filter were compared as well, namely front segment, mid segment and back 
segment. Monte Carlo simulation on recovering compressive OFDM signals was carried 
out with different compressed ratios or truncation filters based on GP algorithm. The 
step size of compressed ratios was 0.01, and the maximum number of iterations was 100. 
The BER results were shown in Fig. 3.

It can be seen from Fig. 3 that the truncation filters remaining the front or back segment 
possesses comparable BER performance but better than that of mid truncation filter. For 
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Fig. 2  Simplified recovery modem for compressive OFDM signals

Fig. 3  BER of recovery for compressive OFDM signals with different compressed ratios and truncation filter 
modes
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the front/back mode, the BER was relatively stable when the compressed ratio was not less 
than 0.50 when only considering the self-interference caused by the truncation process at 
the transmitter. Fluctuations of BER at 10−5 level were negligible when the compressed 
ratio ranged within 0.54–0.73. In that case, the minimum compressed ratio is appropri-
ate to be implicated as 0.5 for compressive OFDM transmission scheme. It also implies a 
stronger resistance to self-interference in the generation process of compressive OFDM sig-
nals compared to SEFDM.

3.3.2 � Bandwidth of extrapolation filter

As mentioned in Table 1, the bandwidth of the extrapolation filter is equal to that of the 
original function in terms of GP algorithm. With the increasing iterations, the error 
decreases and tends zero when the iterations tend infinite [28]. The rect function shaping 
filter is generally considered when analysing baseband OFDM signals, but the shaping filter 
could also be designed as Root Raised Cosine Filter (RRC) or other filters to improve the 
out-of-band radiation. Even so, the actual signal is not bandlimited strictly in the frequency 
domain. In terms of the recovery for the discrete signal, the length of the extrapolation filter 
reflects the filter bandwidth which is related to the points number of information source 
and upsampling rate. If the bandwidth of the extrapolation filter is selected as the cut-off 
bandwidth of the original OFDM symbol, possible aliasing error might be generated.

To evaluate the influence of the extrapolation filter bandwidth, the accuracy of extrapo-
lating compressive OFDM with Rect shaping filter with different bandwidth is simulated, 
respectively. For BPSK-OFDM signal with 256 subcarriers, the compressed ratio is 0.5 and 
the received signal is up-sampled by 8 times before extrapolation. The up-sampled signal is 
recovered as revealed in Fig. 2. Normalized mean square error (NMSE) is adopted to meas-
ure the accuracy performance, expressed as

Defining the original signal points as ω which equals to the product of the number of 
subcarriers and up-sample times and the low-pass filter points as δ , the NMSE values 
of the extrapolation by iteration filters with different bandwidth are illustrated in Fig. 4.

As shown in Fig. 4, iteration filter with the same bandwidth as that of the original signal 
obtains the best accuracy. The convergence of extrapolation turns slower if the filter is set 
with larger bandwidth, while the NMSE increases obviously with iterating when the filter is 
set with narrow bandwidth.

To explain with mathematical mechanism, the entire frequency domain signal could be 
divided into two parts as

where L(f) denotes the low-frequency signal at 
∣

∣f
∣

∣ ≤ ω , and H(f) denotes the high-fre-
quency signal at 

∣

∣f
∣

∣ > ω . The corresponding time domain signal can be converted into

(17)NMSE =
∥

∥y− r
∥

∥

2

�r�2
.

(18)S(f ) = L(f )+H(f ),

(19)s(t) = l(t)+ h(t).
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According to the linear additivity of the extrapolation, the result of mth iteration can be 
expressed as

The convergence of the lm(t) is determined by the bandlimited characteristics of l(t) and 
the upper bound of the energy of hm(t) that could be inferred as

where Ehm and Eh denote the energy of hm(t) and h(t), respectively. Note that the upper 
bound would increase with the number of iterations m by the square times. However, 
the actual value is much smaller than the upper bound. When the out-of-band energy 
accounts for a small proportion of the total signal energy, the extrapolation error caused 
can be reduced [30], which might be attributed the considerable accuracy of δ/ω = 1 .

3.3.3 � Regularized extrapolator

In addition to the errors caused by the extrapolation coefficients, the received signal 
also contains channel noise interference, which can be expressed as

where sα represents the compressive OFDM signal with the compressed ratio 0.5 and the 
original symbol period T. z(t) is Gaussian white noise with mean value 0 and variance δ2 
. The signal obtained in the mth iteration can be described as

At that time, adopting the iterative filter with a bandwidth of δ/ω = 1 and performing 
K–L expansion on z(t) in the frequency domain, the extrapolated result of Gaussian dis-
tributed z(t) in the first iteration can be obtained as

(20)rm(t) = lm(t)+ hm(t).

(21)Ehm < m2Eh,

(22)r(t) = sα(t)+ z(t),

(23)rm(t) = sαm(t)+ zm(t).

Fig. 4  NMSE of different iteration filter bandwidth
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where B =
√

πT
δ

 and b = T
2δ ; �k and �k are the eigenvalues and corresponding eigen-

functions of the K–L expansion. dk denotes the expansion coefficient, satisfying

To simplify the convolution process of (25), the upper bound of the energy of z1(t) is cal-
culated in the frequency domain as

where S = δ2�T  and �T  represents the sampling interval.
Due to the full-band Gaussian white noise, Zm(f) still satisfies the Gaussian distribu-

tion. The mean square value of the energy of Zm(f) can be expressed as

where ςk = 1− �k and �k ∈ (0, 1).
Inspired by [28], the upper bound of E

{

∣

∣Zm(f )
∣

∣

2
}

 can be inferred to 2STn2 , similar to 

the result of (21). Nevertheless, the difference is that the noise is not correlated with the 
original signal and the actual impact of the extrapolating noise will accumulate with iter-
ating. In that case, the extrapolation process turns into an ill-posed problem.

According to the GP algorithm, the extrapolation process can be expressed as

where the operator A contains the FT, filtering, IFT and exchange process. So is the 
recovery method for compressive OFDM expressed like that. Combining the idea of 
Landweber algorithm [33], the regularized recovery algorithm for compressive OFDM 
signal and the related receiver structure are shown in Fig. 5.

In mth iteration, the extrapolation calculation before replacement can be described as

(24)z1(t) = B
sin δt

π t
⊗

∞
∑

k=0

dk
√

�kφk(bt),

(25)E
{

dkd
∗
r

}

=
{

S/�k , k = r,
0, k �= r.

(26)E
{

∣

∣Z1(f )
∣

∣

2
}

= 2Sπb

∞
∑

k=0

φ2
k (bf ) = 2ST ,

(27)

E
{

∣

∣Zm(f )
∣

∣

2
}

=2Sπb

∞
∑

k=0

[

1− (1− �k)
n

�k

]2

φ2
k (bf )

=2Sπb

∞
∑

k=0

(1+ ςk + · · · + ςn−1
k )

2
φ2
k (bf ),

(28)Ŝ = A · Sα ,

Fig. 5  Regularized extrapolator for compressive OFDM signals
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where the regularized operator A = F−1
HωF  , and F as well as F−1 are DFT matrix and 

IDFT matrix, respectively. τ and µ are two parameters related to regularization, which 
are defined as regularized parameter and relaxation coefficient, respectively. When the 
extrapolator meets the judgement of iteration threshold, the iterative result rm would be 
output as the recovered y.

4 � Results and discussion
Table  2 provides key parameters at transmitter and receiver for compressive OFDM 
system, respectively. Corresponding variables are annotated in parentheses after the 
parameter names. The recovery is conducted on the premise of a synchronized receiver. 
As benchmark objects, the OFDM signal and SEFDM signal are selected both with 256 
subcarriers. The generation of SEFDM signal with different compressed ratios could be 
referred to [18].

Figure  6 illustrates the NMSE of recovering compressive OFDM signals with differ-
ent compressed ratios from 0.5 to 0.9. Without the interference of noise, the NMSE 
decreases with iterations, showing the convergence of the recovery. Besides, the recov-
ery for signals with larger compressed ratios possesses faster convergence speed and 
lower NMSE. Obviously, more information could be reserved from truncation filter 
with larger support set. It is noted that the compressed OFDM signal is equivalent to the 
OFDM signal when the compressed ratio equals to 1. The NMSE reflects the accuracy of 
the recovery confirming the feasibility of the extrapolator.

(29)yτ ,µm = rm−1 + µ
(

A∗2r − A∗Arm−1 − τ rm−1

)

,

Table 2  Simulation parameter setting for compressive OFDM system

Key parameters at transmitter Key parameters at receiver

Subcarrier number 256 Extrapolation filter δ/ω = 1

Compressed ratio ( α) 0.5–0.9 Maximum iteration 100

Truncated mode Front Regularized parameter ( τ) 10−5, 10−6, 10−7

Up-sampled times 8 Relaxation coefficient ( µ) 5× 10−3

Fig. 6  NMSE of compressive OFDM with different compressed ratios
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To compare the compressive capability of compressive OFDM and SEFDM, Fig. 7 
presents the BER of compressive OFDM with compressed ratio 0.5 and SEFDM with 
compressed ratio 0.5–0.7 in AWGN channel. The iterative decoding (ID) is adopted 
in SEFDM system due to its non-orthogonality. The compressive OFDM signal is 
recovered with regularized extrapolator with τ = 10−5 . At compressed ratio 0.5–0.6, 
a significant BER performance degradation can be observed between compressive 
OFDM and SEFDM. Even adopting ID, the influence of ICI in SEFDM signals can-
not be dismissed. It is attributed to the constraints of Mazo limit towards SEFDM 
system, namely the minimum Euclidean distance between symbol sequences reduced 
compared to orthogonal systems with the compressed ratio beyond Mazo limits 
[22]. In that case, the utilization of nonlinear detector (NLD) cannot compensate the 
degraded BER performance as usual. Furthermore, the performance of compressive 
OFDM with compressed ratio 0.5 and SEFDM with 0.7 is quite close to each other. 
When the Eb/N0 surpasses 4 dB, the BER advantage of compressive OFDM tends big-
ger with less noise interference. In terms of the compressive capability, the superiority 
of compressive OFDM system is obvious against SEFDM.

Figure  8 compares the BER performance of the compressive OFDM, OFDM and 
SEFDM systems. The SEFDM with NLD adopts ID, while the SEFDM non NLD 

Fig. 7  BER of compressive OFDM and SEFDM with different compressed ratios

Fig. 8  BER of compressive OFDM with different regularization parameters, OFDM and SEFDM
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adopts traditional linear decision. In the compressive OFDM system, the receivers 
combined with regularized extrapolator (R-compressive OFDM, as shown in Fig. 5) or 
not (compressive OFDM, as described in Sect. 3.2) all adopt linear decision. As can be 
seen, the SEFDM signal with 0.8 compressed ratio and NLD obtains approximate BER 
to that of OFDM, whereas the SEFDM with 0.8 compressed ratio but without NLD 
presents awful BER. The necessity of NLD towards SEFDM system can be inferred 
from the obvious BER difference. With the influence of noise, the BER of compressive 
OFDM without regularization only presents better than SEFDM with compressed 
ratio 0.5 and NLD. It verifies the Mazo limit on SEFDM again. Besides, the regular-
ized iterations effectively improve the recovery result of compressive OFDM system. 
The convergence of extrapolator of compressive OFDM can be retained by regular-
ized recovery method. Better robustness can be obtained with smaller regularized 
parameter τ , but the improvement turns slight when τ < 10−7 . However, BER perfor-
mance of compressive OFDM needs further improvements. In order to obtain BER at 
10−4 , the compressive OFDM system requires 1.6 dB and 1.2 dB higher of Eb/N0 than 
that of OFDM system and SEFDM system (0.8 compressed ratio, NLD), respectively. 
It can be found that the impact of noise can be restrained by regularized recovery 
method to some degrees, but cannot be dismissed. To solve this problem, design of 
regularized extrapolator for better BER performance will be conducted in the future 
research.

Besides to the BER performance, the effective throughput rates (referred as Through-
putRate) of different systems are calculated to reflect the spectral efficiency in this paper. 
The ThroughputRate indicates the correct information could be transmitted per Hertz 
per second, defined as

As shown in Fig. 9, the relationship of ThroughputRates of aforementioned systems sat-
isfies that compressive OFDM > SEFDM > OFDM. Obviously, the difference in Through-
putRate is mainly attributed to the compressed ratio. SEFDM theoretically limits the 
compression ratio to not less than 0.8 with sinc function shaping [17]; the compressive 

(30)ThroughputRate = 1− BER

α

Fig. 9  ThroughputRate of compressive OFDM with different regularization parameters, OFDM and SEFDM
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OFDM system still has the ability to completely ignore self-interference when com-
pressed to 0.5 and has better compression capabilities and systematic throughput rate. 
Under the same Eb/N0 , the compressive OFDM system with regularized recovery 
method could obtain nearly 1.6 times and 2 times ThroughputRate compared to SEFDM 
system and OFDM system.

In terms of the computation complexity of compressive OFDM, the iteration 
threshold is set to be the maximum iterations M. From the (29), the complexity of the 
regularized recovery method is mainly determined by M and the FFT points NFFT , 
approximately equals to O

(

M · NFFT · logNFFT

)

 . It can be found that the computation 
increases linearly with M and NFFT , which can be controlled. Considering the com-
putation is still huge with massive sub-carriers, the accelerated iterative regularized 
recovery method will be further studied. Compared with SEFDM system, the receiver 
in the compressive OFDM system only uses linear detector. The complexity difference 
is mainly between a complex nonlinear detector of SEFDM system and a complex 
extrapolator of compressive OFDM system.

5 � Conclusions
In this paper, a compressive OFDM system is proposed to deal with the scarcity of 
spectrum resource due to the requirement of massive information in the IoV-aided 
smart transportation scenarios. The compressive OFDM signal is truncated from the 
front segment of original OFDM signal at the transmitter, and the compressed ratio 
can be as low as 0.5. The recovery at the receiver is conducted with a upsampler and 
an extrapolator. To restrain the influence of additive white noise on the recovery, the 
regularization method is adopted with adjustable regularized parameter. Both the-
oretical deduction and simulation analysis are given to show the superiority of the 
proposed system. Results show that the compressive OFDM system possesses higher 
compressive capability, since the one with compressed ratio 0.5 performs better in 
BER than SEFDM with compressed ratio 0.5–0.7. Moreover, the compressive OFDM 
system outperforms in spectral efficiency performance. At the 10 dB Eb/N0 , the effec-
tive throughput rate of compressive OFDM is 2 times and 1.6 times than those of 
OFDM and SEFDM, respectively.
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