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ABSTRACT An orthogonal frequency division multiplexing (OFDM) transmitter for 802.11ah uplink may
consume unnecessarily high power due to themalicious effect of a large peak-to-average power ratio (PAPR).
This is particularly a problem for client devices (CDs) under the low-power wide-area (LPWA) technology
in an Internet of thing (IoT) system, where high PAPR signals may drive the power amplifier (PA) to
operate with large input back-off (IBO). This article focuses on receiver-side signal compensation (SC)
techniques and introduces a novel scheme called iterative subcarrier regularization (ISR), which is based
on the generalization of Papoulis-Gerchberg algorithm (GPGA). We claim that the proposed scheme is
completely compatible with 802.11ah as it only exploits the prior information available in the standard
operations and popular system-build-in functions in the iterative signal reconstruction process. Extensive
numerical evaluations demonstrate that the proposed scheme can improve PA efficiency by 4–9 dB for uplink
signaling.

INDEX TERMS Orthogonal frequency divisionmultiplexing (OFDM), nonlinear noise, Papoulis-Gerchberg
algorithm, peak-to-average power ratio (PAPR), 802.11ah.

I. INTRODUCTION
Low-power wide-area (LPWA) technologies have captured
great attentions from both industry and academia in the
last decade due to the fast-pace deployment of internet
of things (IoT) [1]. As a major service provisioned under
the category of machine-type communication (MTC) in
both licensed and unlicensed band, the IoT systems under
LPWA have to support the interconnection of miniature and
low-cost devices with long-range transmission and low power
consumption [2], [3].

SigFox and long range (LoRa) were firstly announced
as commercial LPWA technologies and have been signifi-
cantly deployed in many countries within the last decade [1].
This has triggered the Third Generation Partnership Project
(3GPP) and IEEE to rapidly complete the standardization of
narrowband (NB)-IoT [4] and 802.11ah (Wi-Fi HaLow) [5],
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respectively, in order to be involved with great IoT market.
NB-IoT can be directly applied to GSM or LTE system
for reducing deployment costs and thus, many industries
(e.g., Nokia, Ericsson, and Huawei) have spent tremendous
effort on its standardization [6]. On the other hand, 802.11ah
is highly compatible to the existing Wi-Fi systems due to the
analogous numerology to IEEE 802.11ac, which utilizes unli-
censed industrial, scientific and medical (ISM) radio bands
for transmission. It has been well reported that both emerging
LPWA technologies on licensed and unlicensed bands are
quite competitive and demonstrate remarkable deployment
superiority [5].

Although OFDM yields high spectral efficiency, it is sub-
ject to unnecessarily high power consumption due to pos-
sibly high peak-to-average power ratio (PAPR) that may
significantly damage the efficiency of the power amplifier
(PA) [7]. Note that power efficiency is one of the most
critical requirements for those energy-hungry IoT client
devices (CDs).
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To avoid high PAPR, various design aspects and novel
schemes are reported for both NB-IoT and 802.11ah,
respectively. NB-IoT allows single-carrier transmissions
via discrete Fourier transform (DFT) spread OFDM
(DFT-s-OFDM) for uplink to make the CD simple and
free from high PAPR, and for any multi-carrier transmis-
sion, the number of subcarriers is limited to 12 (1 Physi-
cal Resource Block, PRB) [8]. For 802.11ah, most of the
power saving methods in literature were proposed in the
circuit [9]–[11] or medium access control (MAC)
level [12]–[15], while a system-level method, to the best
of our knowledge, can only be found in [16] that con-
siders the scenario of a low-cost low-power transmitter
communicating with a high-quality access point (AP).
By compensating for the nonlinearity of received signals
at the AP, the input back-off (IBO) of CD’s PA can be
minimized according to the spectral mask and channel
quality [17].

There are numerous advantages by employing such a
receiver-side compensation based solution, which are sum-
marized in the following three aspects.
• Support of MTC type Applications. Since MTC acts as a
delay-tolerance service, almost all LPWA technologies
allow a long duration of idle/sleep mode for power sav-
ing. The burst traffic nature caused by the event-driven
wireless sensor networks (WSN) [18] brings a manage-
able time margin for performing the iterative computa-
tions at the AP.

• Low-cost and simple design for IoT-CDs. A common
design principle for an IoT system is to leave all
possible complicated operations performed at the AP
while making the IoT CDs as simple as possible. For
example, several efficient distortionless-based PAPR
reduction schemes still require multiple times of fast
Fourier transform (FFT) size of computation to gen-
erate low-PAPR signal candidates for UL transmis-
sion [19], [20]. Even the simplest clipping and filtering
PAPR reduction [21]may consume larger than two times
power consumption due to the repeated and oversampled
FFT/inverse FFT (IFFT) operations. Although the signal
recovery could be seriously degraded due to impreci-
sion of channel estimation [22], the receiver-side lin-
earization methods follow the simple CD principle and
thus are very suitable to the MTC transmissions, where
the CDs are with zero or limited user mobility [23],
leading to minimum estimation error of channel state
information (CSI).

• Uplink (UL)-dominated IoT-CD traffics.The receiver-side
signal linearization approaches are particularly suitable
for MTC type systems where the IoT-CD traffics are
UL-dominated [18].

With the abovementioned advantages, the studies
on receiver-side compensation have been extensively
reported in literature in the following two categories:
(1) maximum-likelihood (ML) detection-based
(e.g., [24]–[26]), and (2) signal compensation (SC)-based

(e.g.,[27]–[30]). The former can achieve a better bit error
rate (BER) performance than the latter at the expense of
exponentially growing computational complexity with the
FFT size that leads to infeasibility. On the other hand,
although those reported SC schemes require significantly less
computation effort, to the best of our knowledge, all of them
take the data-subcarrier-only signal model which is far from
any real-world specification/standard. Note that the actual
OFDM system contains non-data-bearing subcarriers such as
pilot and null subcarriers. The use of data-subcarrier-only sig-
nal model would lose the benefits brought by prior informa-
tion in specification/standard. In addition, as most reported
SC schemes are based on iterative clipping noise cancel-
lation (ICNC) [27], their transmit signals require multiple
clipping and filtering (CF) operations to achieve a targeted
PAPR, and the peak regrowth still suffers from the PA non-
linearity otherwise [21]. Such repeated CF certainly brings
up additional computational complexity to the transmitter
in IoT-CDs.

In this article, we propose a novel SC scheme termed
iterative subcarrier regularization (ISR) to helps the IoT-CDs
to transmit signals with lower IBO for power saving. The
proposed ISR is featured by a direct compensation of the
PA nonlinearity at the OFDM receiver, instead of tak-
ing the CF-based approach that needs to be initiated at
the transmitter. To this end, the proposed ISR scheme
takes Papoulis-Gerchberg Algorithm (PGA) [31], [32] as
basis while further considering specified subcarrier infor-
mation, so as to enable an effective reconstruction of sig-
nal vector at the receiver. Based on the generalization of
PGA (GPGA) [33], [34] and decision-aided reconstruction
(DAR) [35], the proposed ISR scheme can simply regu-
larize the subcarrier data in the frequency domain, which
leads to a very light-weight signal linearization process that
can be implemented via system-built-in functions of a typ-
ical OFDM receiver, thus yielding high compatibility with
the current industry specification/standard. The simulation
results demonstrate that the proposed ISR scheme can solidly
improve the BER performance of the distorted signal caused
by the presence of PA nonlinearity.

The rest of the article is organized as follows. In Section II,
the system and signal model of the OFDM-based IoT
transceiver is presented. Section III presents the proposed
ISR scheme along with its evaluation of computational
complexity and restoration performance. Section IV pro-
vides the simulation results. Section V concludes the
article.
Notation: Boldface letters denote matrices or column

vectors. Superscripts, [·]−1, [·]T , and [·]H stand for matrix
inversion operation, transpose, and Hermitian transpose,
respectively. E {·} is the expectation operator. Ik denotes the
k × k identity matrix. diag {x} returns a diagonal matrix with
x on its diagonal. CN

(
0,σ 2

)
represents the distribution of

circularly symmetric complexGaussian random variable with
zero mean and variance σ 2. ‖x‖2 denotes the Euclidean norm
of a vector x.
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FIGURE 1. Baseband block diagram of specification-based OFDM transceiver with SC schemes.

II. SYSTEM AND SIGNAL MODEL
Fig. 1 presents the baseband block diagram of a generic
SC-based OFDM transceiver. Let X = [X0, . . . ,XN−1]T

denote the subcarrier vector that carries Nd quadrature ampli-
tude modulation (QAM) data, Np pilot data and Nn null data
(including guard band and DC). The time-domain OFDM
symbol vector can be generated by x , [x0, . . . , xN−1]

T
=

FH
NX , where FN is the N -by-N DFT matrix whose entry is

given by

[FN ](n,k) =
1
√
N
e
−j
(
2π
N

)
nk

, 0 ≤ n, k ≤ N − 1. (1)

A cyclic prefix (CP)with lengthP is inserted into x tomitigate
the inter-symbol interference, yielding [xN−P, . . . , xN−1,
x0, . . . , xN−1]T . Considering the Rapp model [36], the trans-
mitted sequence can be expressed as

x̂ = G (x) = g · x

[
1+

(
g · |x|
Asat

)2p
]− 1

2p

, (2)

where Asat is the PA saturation level specified by the value
of IBO (in dB) from Asat = xRMS · 10IBO/20, xRMS =√∑N−1

n=0 |xn|
2 /N , p is the smoothness factor, and g is the

amplifier voltage gain. Here, we consider a unitary gain
(g = 1) for simplicity and generality and a severe nonlinearity
(p = 2) for simulating the low-complexity PA of IoT-CD.

Assuming a perfect synchronization and channel estima-
tion, the received samples over the Rayleigh fading channel
and after CP removal is given by

y = h~N x̂+ w, (3)

where h = [h0, . . . , hL−1]T is the L-tap channel impulse
response (L ≤ P), ~N is the circular convolution operator
with length N , and w = [w0, . . . ,wN−1]T is an additive
white Gaussian noise (AWGN) vector whose elements follow
wn ∼ CN

(
0, σ 2

)
. Thus, we have the received subcarrier data

vector:

Y = HX̂ +W , (4)

where H = diag
{
FNh0

}
is the channel frequency response,

h0 = [h, 0, . . . , 0]T is the zero-padded h with length N , and
Y , X̂ andW are the DFT of y, x̂ andw, respectively. From (4),
the equalized subcarrier data vector can be written as

Q = YH−1 = HX̂H−1 +WH−1. (5)

After employing an SC scheme on Q, the i iteration- recon-

structed subcarrier data vector Q̂
(i)
=

[
Q̂(i)0 , . . . , Q̂

(i)
N−1

]T
is

obtained for a better result of QAM demodulation.

III. PROPOSED SC SCHEME
In this section, the process for PGA generalization is firstly
presented, followed by the two crucial parts of the proposed
ISR scheme, including the prior knowledge on time (data)
and frequency (transformed) domain, are described. Then we
present the analysis of the proposed ISR scheme.

A. PROPOSED EXTENDED PAPOULIS-GERCHBERG
ALGORITHM
PGA has been taken as a well-known tool for restoration of
bandlimited signals [37]; however, we introduce GPGA to
handle a general signal [33], [34].

A discrete signal with M samples can be described by
an M -dimensional complex vector v = [v0, . . . , vM−1]T ,
vn ∈ CM , and its known sample vector is defined as

KD = IDv, (6)

where ID is an M -by-M diagonal matrix with binary coeffi-
cients on its diagonal: [ID](j,j) = 1 if the j-th sample in data
domain is known and [ID](j,j) = 0 otherwise. We denote the
number of the known samples as MD ∈ {0, . . . ,M}, thus the
lost-knowledge ratio of data domain is LD = 1−MD/M .
In the transformed domain, the DFT of the signal v is the

vector V ∈ CM given by V = FMv. Its prior knowledge
vector can be written as

KT = ITV , (7)

where IT is an M -by-M diagonal matrix with binary coef-
ficients on its diagonal: [IT ](j,j) = 1 if the j-th sample
in transformed domain is known and [IT ](j,j) = 0 other-
wise. Also, we denote the number of the known samples as
MT ∈ {0, . . . ,M}, and the knowledge ratio of transformed
domain is KT = MT /M . According to [33], the lost sample
reconstruction with perfect known samples can be achieved if
LD ≤ KT is satisfied. The algorithm starts with v̂(i=0) = KD,
where iteration number i is set to zero as an initial guess.
Then, the iterative process consists of following three steps:
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1. Apply the transformed-domain partial knowledge KT
to v̂(i):

v̂(i+1) = FH
M

[
(I − IT )FM v̂

(i)
+ KT

]
. (8)

2. Replace known samples in the estimated v̂(i+1):

v̂(i+1) = (I − ID) v̂
(i+1)
+ KD. (9)

3. Verify if the process converged to the specified thresh-
old δ based on the normalized mean square error
(NMSE), i.e.,

NMSE
(
v̂(i)
)
=

∥∥∥v̂(i) − v̂(i+1)∥∥∥2
2∥∥∥v̂(i)∥∥∥2

2

< δ. (10)

If not, return to the first step with i = i+ 1.

B. FREQUENCY-DOMAIN PRIOR KNOWLEDGE
The knowledge of the transformed domain, viz., frequency
domain, is referred to as the subcarrier mapping described in
802.11ah standard [5], which consists of data, pilot, and null
subcarriers (i.e., guard and DC subcarriers), with options of
carrier bandwidth (CBW) including 1, 2, 4, 8, and 16 MHz.
Throughout this article, we use CBW1 (1 MHz) parame-
terization to demonstrate the proposed algorithm, where its
subcarrier mapping is illustrated in Fig. 2.

FIGURE 2. Frequency-domain prior knowledge from the subcarrier
mapping based on the 802.11ah standard (CBW1 parameterization).

A very unique design of the proposed ISR is that it
only takes the protocol operation parameters of 802.11ah,
including the values of pilot and null subcarriers, as the
frequency-domain prior knowledge (denote as solid dots
in Fig. 2) and inputs of the rule-based GPGA. Accordingly,
the first step of ISR can be described by rewriting (8) as

q̂(i+1) = FH
N

[(
I − IISRT

)
Q̂
(i)
+ K ISR

T

]
, (11a)

where N is the FFT size, q̂(i) = FH
N Q̂

(i)
, K ISR

T is the prior
knowledge vector according to the standard (the example
vector for CBW1 parameterization is given in Table 1), and
IISRT is an N -by-N matrix with binary coefficients on its

diagonal:
[
IISRT

]
(j,j)
= 1 if the j-th frequency component

is a pilot or null subcarrier and
[
IISRT

]
(j,j)
= 0 otherwise.

In this case, the ratio of the prior knowledge is KISR
T =(

Np + Nn
)
/N = (6+ 2) /32 = 25%, which implies a suc-

cessful reconstruction of an incomplete signal vector cannot
exceed 25% lost samples according to [33].

TABLE 1. 802.11ah (CBW1)-Based Frequency-Domain Prior Knowledge1

On the other hand, though the received data subcarriers
herein are taken as unknown part and do not contribute to
the reconstruction process in each iteration (denote as hollow
dots in Fig. 2), they actually carry the probabilistic prior
knowledge of -ary constellation mapping that may help
the subsequent SC. Such a concept was firstly report in
DAR [35] where all PSK/QAMsymbols were performed hard
decision iteratively for SC. To combine the DAR process,
the action of applying frequency-domain prior knowledge can
be re-expressed as the so-called ISR:

q̂(i+1) = FH
N

[(
I − IISRT

)
Q(i)HD + K

ISR
T

]
, (11b)

where

Q̂
(i)
HD = argmin

X∈M−QAM

(∥∥∥Q̂(i) − X∥∥∥
2

)
,

Q̂
(i)
∈ data subcarriers. (11c)

For the convenience, we call (11a) as ISR scheme I
(ISR-I) and (11b) as ISR scheme II (ISR-II) in the rest of the
article. Their performance comparison and discussion will be
provided in Section III-E.

C. TIME-DOMAIN PRIOR KNOWLEDGE
Since nonlinear noise on a time-domain OFDM symbol is
mainly caused by large-amplitude samples owing to the
severe saturation, it is reasonable to retain the low-amplitude
samples in each iteration as time-domain prior knowledge.
As illustrated in Fig. 3, the severely-saturated samples are
taken as the lost ones that needs reconstruction by calculating
the estimated saturation level:

Âsat = qRMS · 10IBO/20, (12)

where IBO is the value of IBO in dB used in the trans-
mission known in advance by the receiver, and qRMS =√∑N−1

n=0 |qn|
2 /N , qn ∈ q, q = FH

NQ. The known
sample determination can be achieved by creating the
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FIGURE 3. Lost samples determination and initial guess settings for the
saturated signal in time domain.

denotation matrix:[
IISRD

]
(j,j)
=

{
1, qn < Âsat
0, qn ≥ Âsat

, 0 ≤j, n≤N−1. (13)

As a result of (6) and (13), the time-domain prior knowledge
of the proposed ISR scheme can be obtained by

K ISR
D = IISRD q. (14)

Note that K ISR
D herein still suffers from relatively-low nonlin-

earity, but can be improved by linearization techniques such
as digital predistortion [38] if affordable by an IoT device.

Since the saturated signals are highly correlated with their
original samples, they can be taken as the best initial guesses
(instead of using zero samples as in the original GPGA) in
the restoration process. Note that inserting zero samples is
a highly nonlinear process that reduces the smoothness of a
signal and introduces much in-band and out-of-band noises.
Therefore, as shown in Fig. 3, the proposed algorithm starts
with q̂(i=0) = q (green hollow dots) instead of q̂(i=0) =
K ISR
D (orange hollow dots). We will indicate in Section III-E

that using the equalized samples as the initial guess can
significantly accelerate the convergence compared with the
case of using zeros.

By (13), the time-domain lost-knowledge ratio can be
expressed by LISR

D = 1 − ND/N , where ND ∈ {0, . . . ,N }
is the number of ones in IISRD . Since the proposed ISR works
under the criterionLISR

D ≤ KISR
T [33], the value ofLISR

D , which
is dominated by the IBO of the transmit PA according to (12),
can be used to estimate the recovery limitation. To this end,
we perform Monte Carlo simulations with 5 × 105 random
OFDM symbols to obtain the complementary cumulative
distribution function (CCDF) of 802.11ah received samples
suffered from a different extent of nonlinearity. Fig. 4(a) and
4(b) shows the CCDF of the amplitude for signal q over the
poor (Eb/N0 = 0 dB) and good (Eb/N0 = 20 dB) wireless
channel, respectively, where Eb/N0 is the normalized signal-
to-noise ratio (SNR). It can be clearly found that decreasing
the IBO would increase LISR

D under any channel quality.
Table 2 provides more results of LISR

D with/without the chan-
nel noise (Eb/N0 = 0, 5, 10, 15, 20 dB) for IBO = 08 dB.

FIGURE 4. CCDF of
∣∣qn

∣∣ for estimating LISR
D over AWGN channel with

(a) Eb/N0 = 0 dB (b)Eb/N0 = 20 dB.

By matching the criterion LISR
D ≤ 25%, the smallest IBO is

2 dB according to the LISR
D values marked with red color in

Table 2. However, the analysis in [33] indicates that both the
signal noise and iteration limit will degrade the performance
of SC, making the maximum value ofLISR

D smaller than 25%,
i.e., KISR

T . Therefore, effective SC may occur when the IBO
is not lower than 3 dB. (Refer to the LISR

D values marked with
blue color in Table 2.)

TABLE 2. Time-Domain Lost-Knowledge Ratio (%) Versus IBO and
Normalized SNR

D. COMPLEXITY ANALYSIS
Based on the elaboration of frequency-domain and time-
domain prior knowledge, we summarize the whole process of
the proposed ISR in Fig. 5. The computational complexity of
the proposed schemes, ISR-I and ISR-II, are expressed in the
big-O notation which is related to the number of subcarriers
of OFDM symbols [39]. From Algorithm 1, the ISR scheme
in each iteration is subject to complexity O

(
2N log2 N

)
to
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FIGURE 5. Algorithm of iterative subcarrier regularization.

perform the FFT/IFFT pair and O (2N ) to update the prior
knowledge in both domains. As ISR-II in (11b) needs to per-
form hard decision forNd data subcarriers to obtainQ

(i)
HD with

extra complexity O (NdM), the computational complexity
with it iterations for ISR-I and ISR-II can be summarized as
O
(
2N

(
log2 N + 1

)
it
)
andO

(
2N

(
log2 N + 1

)
it + NdMit

)
,

respectively. Note that the value of Nd refers to the parame-
terization of 802.11ah protocol.

Consequently, the resulting complexity shows that the
additional complexity of the receiver for AP with ISR only
comes from the reuse of functions of FFT and hard decision
and is mainly dominated by the number of iterations. The pro-
posed scheme can be seamlessly incorporated into 802.11ah
chips as longer processing time is tolerant in IoT networking.

E. PERFORMANCE EVALUATION
The evaluation of ISR restoration performance with 802.11ah
CBW1 parameterization is presented as follows. As ISR
is an iterative nonlinear process whose two random vari-
ables, converged iteration times (denoted as ic) and con-
verged NMSE between restored and original signal (denoted

as NMSE ic =
∥∥∥x− v̂(ic)∥∥∥2

2
/ ‖x‖22), are hard to be analytically

featured, we empirically evaluate their performance in terms
of two-dimensional joint probability density function (PDF),
denoted as fic,NMSE ic (a, b), versus different IBO values. Here,
the converge threshold δ is set to 10−6 and 5×105 random
OFDM symbols are tested.

Fig. 6 shows the PDF of fic,NMSE ic (a, b) in IBO = 1−5 dB
for ISR-I and ISR-II schemes with different initial guesses
(zeros/received samples). Clearly, the largest variances of ic
and NMSE ic appear at IBO = 2 dB for all the considered
schemes because the corresponding ratio of time-domain
knowledge (KISR

T ) is near to LISR
D (see Table 2). In the view

of convergence, it can be found that setting initial guesses as

received samples is faster than setting as zeros (50–200 iter-
ations reduce to 50–100 iterations). The ISR-II scheme is
faster than ISR-I (50–100 iterations reduce to 1–10 iterations)
because of the aid of hard decisions for 1−KISR

T = 75%
subcarriers that transfer QAM data. The presence of AWGN
nearly does not influence the convergence of ISR-II scheme.
For the convergent NMSE, the lowest NMSE of IBO = 1 dB
is worse than that of IBO = 2 − 5 dB since the former does
not satisfy the criterion LISR

D ≤ KISR
T [33]. Therefore, the

distributions of converged NMSE between IBO = 2 − 5 dB
are almost identical because the presence of the noise is the
only factor to control the performance of converged NMSE
when LISR

D ≤ KISR
T (i.e., all time-domain lost-knowledge

ratios are smaller than 25% for IBO = 2− 5 dB as presented
in Table 2). Based on these findings, the simulations in the
subsequent section will be only discussed in the case of
IBO > 2 dB.

IV. SIMULATION RESULTS AND DISCUSSION
A Monte Carlo simulation is conducted to verify the pro-
posed SC scheme regarding a number of performance met-
rics, including power spectral density (PSD), BER, total
degradation (TD) and convergence. Based on these results,
an estimation on the PA efficiency improvement is pro-
vided. The same 802.11ah-CBW1 parametrization used in
Section III-E is adopted in the simulation, i.e., N = 32
subcarriers including 2 pilot subcarriers, 6 null subcarriers,
and 24 data subcarriers (using 16-QAM constellation).

A. POWER SPECTRAL DENSITY
The nonlinearity of transmit PA may cause out-of-band noise
and increase the adjacent channel leakage power. Thus,
the spectral mask will be crucial to determine the PA effi-
ciency. Fig. 7 depicts the spectral mask and the PSD under
different IBO values, where the unit ‘‘dBr’’ therein denotes
dB value relative to the maximum spectral density of the
signal. It can be found that the lowest IBO, which does not
exceed the spectral mask, is 3 dB. This IBO value is exactly
equal to the estimated recovery boundary of ISR which is
also shown in Section III-C, and it implies that the minimum
IBO of the transmit PA that achieves maximum power saving
is 3 dB under 802.11ah CBW1 system parameters.

B. BIT ERROR RATE
Although 802.11ah uses binary convolutional code or low-
density parity-check code to enhance the BER, the uncoded
BER performance is provided in this study to observe the
pure contributions of considered schemes. The simulation is
over a Rayleigh fading channel with L = P = N/4 resolv-
able paths [5]. Fig. 8 shows that the proposed SC schemes
can effectively reduce the BER and ISR-II constantly out-
performs ISR-I by taking IBO = 3 dB. Although ISR
takes more iterations to converge in the NMSE performance
(Section III-E), Fig. 8 shows that ISR-II can achieve con-
siderable BER improvement with the aid of constellation
tolerance by taking only two iterations. Like most of the other
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FIGURE 6. Joint PDF of convergent number of iteration and its NMSE (fic ,NMSEic

(
a, b

)
) in IBO = 1− 5 dB for ISR-I and ISR-II schemes with different

initial guesses.

FIGURE 7. Comparison of PSD with different IBOs.

SC schemes, the proposed ISR has to work under relatively
high SNR (Eb/N0 ≥ 15 dB) and otherwise may lead to even
worse BER performance when more iterations are launched
due to the imperfection of time-domain prior knowledge.
This impact follows the PSD results shown in the last two
rows of subfigures in Fig. 6. The presence of noise would
increase the NMSE of converged symbol data and further
degrade the BER performance. ISR-II suffers from such per-
formance impairment as it is more sensitive to any error

FIGURE 8. BER comparison of the proposed ISR with IBO = 3dB and
16-QAM over Rayleigh fading channel.

decision. Therefore, it is an effective strategy for the transmit-
ter to determine whether ISR is activated for achieving high
PA-efficiency according to the received CSI.

Fig. 9 and 10 show the comparison results between the
proposed ISR-II and two types of signal models for ICNC:
ICNC with or without CF before PA nonlinearity at transmit-
ters. Considering the clipping level Aclip = Asat for ICNC
with IBO = 3 dB, Fig. 9 shows that ISR-II is subject to
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FIGURE 9. BER comparison of ISR and ICNC with IBO = 3dB and 16-QAM
over Rayleigh fading channel.

only 2-dB SNR lower than the ideal case (i.e., without PA
nonlinearity), and such performance is achieved with only
one iteration at BER = 10−3. This is compared with the
case of ICNC without CF that is subject to 11-dB lower
SNR. Note that the proposed ISR-II utilizes ‘‘soft clipping
(PA nonlinearity)’’ instead of ‘‘hard clipping’’ at the transmit-
ters, such that the estimation of clipping noise in ICNCwould
be no longer accurate and thus degrades the performance.
Consequently, ICNC with CF is also examined. It shows
that with more iterations does not improve the BER because
truncating 3 dB of transmitted signals and passing through
the PA nonlinearity severely deteriorate the orthogonality of
subcarriers. Fig. 10 demonstrates that with IBO = 4 dB,

FIGURE 10. BER comparison of ISR and ICNC with IBO = 4dB and
16-QAM over Rayleigh fading channel.

the ICNC with CF can compensate the signals successfully
while it still performs worse than that case without CF. The
performance of ISR-II continues to outperform ICNC under
all the considered IBO values and numbers of iterations. Note
that with IBO over 4 dB, ISR-II of two iterations yields
very limited BER improvement against that by taking one
according to Fig. 10; and thus the best strategy in this case
is to take one iteration to achieve the best cost-performance
value.

C. TOTAL DEGRADATION
Let the degradation of power efficiency due to the nonlinear
effect be denoted as TD (in dB), which quantifies the dif-
ference between the maximum power of PA and the input
power of a linear amplifier required to assure a predefined
BER)) [40]. TD is expressed as follows:

TD [dB] = IBO+
(
Eb
N0

)
nonlin.

−

(
Eb
N0

)
lin.
, (15)

where (Eb/N0)lin. and (Eb/N0)nonlin. denote as the required
SNRs in linear PA and nonlinear PA, respectively.
Fig. 11 presents the TD performance corresponding to the
same study cases of Figs. 9 and 10, with a BER target of 10−3,
which is sufficient to enable forward error correction (FEC) in
the linear channel with AWGN. It is seen that the smallest TD
(at about 4–5 dB) appears at IBO = 3− 4 dB. This outcome
advocates the analysis result of BER performance, showing
that the proposed ISR schemes yield the best performance at
IBO = 3− 4 dB.

FIGURE 11. TD comparison of ISR and ICNC for 16-QAM with target BER
= 10−3 over Rayleigh fading channel.

D. POWER SAVING EVALUATION
The IBO employed at the 802.11ah PA is usually 8–12dB
when being considered for themicro-/pico-cell usage, leading
to low PA efficiency [41]. To evaluate the power saving,
we consider a linear PA (e.g., Class A and Class B) where
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linear amplification can be achieved up to the saturation point.
We define the actual PA efficiency η = ηmax/PAPR [42]
for power saving measure, where ηmax is the maximum PA
efficiency. The value of PAPR is linearly scaled with IBO as
the probability of saturated samples is directionally related
to on recovery ability of SC-based schemes. Accordingly,
the improvement ratio of PA efficiency can be expressed as

1η = 10 log10

(
η2

η1

)
= 10 log10

(
IBO1

IBO2

)
, (16a)

or

1η = [IBO1]dB − [IBO2]dB , (16b)

where η1 and η2 is the PA efficiency for IBO1 and IBO2
(IBO1 > IBO2), respectively. All the simulation results of
PSD, BER, and TD indicate that the IBO can be reduced
from 8–12 dB to 3–4 dB by applying the proposed scheme
(ISR-II) with a fair SNR (Eb/N0 ≥ 10 dB). From (16b),
we conclude that our schemes improve the PA efficiency in
the range of 4–9 dB; i.e., 1η = [8, 12]− [3, 4] = [4, 9] dB.
Such improvement significantly mitigates the PA power con-
sumption and thus is expected to solidly extend the battery
lifespan of 802.11ah IoT-CDs.

E. CONVERGENCE
Follow the system parameters used in Fig. 9, Fig. 12 shows
the numerical results of convergence performance in terms
of the number of iterations versus BER. For a fair channel
(Eb/N0 = 15 dB), the proposed ISR-I and ISR-II achieve a
minimal BER at i = 1 but converge to a higher BER when
i increases owing to the impact of distorted time-domain
prior knowledge. Notwithstanding, both BERs still outper-
form ICNC at i = 1.

FIGURE 12. Convergence comparison of ISR and ICNC with IBO = 3dB
and 16-QAM over Rayleigh fading channel.

For a good channel (Eb/N0 = 40 dB), the ISR-II and ICNC
converge at i = 3 and i = 5, respectively, whilst ISR-I at

i = 10 due to the fact that ISR-I updates only KISR
T = 25%

subcarrier data in each iteration. In the viewpoint of BER,
the performance of ISR-II keeps superior to the others at any
number of iteration. It is interesting to find that with a higher
channel quality (e.g., Eb/N0 = 50 dB shown in Fig. 12),
the converged BER of ISR-I can be further reduced by con-
suming more iterations. This finding highlights the ISR-I on
its potential for robust reconstruction when the conditions of
time resource and channel quality are satisfied.

V. CONCLUDING REMARKS
For an IoT-CD, the power consumption by uplink trans-
missions highly depends on the output power of the trans-
mitter, which is in turn determined by the PA’s IBO. This
article introduces an SC scheme, namely ISR, aiming to
solidly reduce the required IBO of the uplink transmission
for IoT CDs under the 802.11ah specification. To enable
effective signal reconstruction, the ISR is based on GPGA
that can handle any signal. We claim that the proposed ISR
scheme can completely incorporate with the current indus-
trial specification and 802.11ah CDs since all the required
prior information and processing, including iterative FFT
and hard decision operations, are inherently available in
the CDs via system-built-in functions in the RF module.
Note that although this study positioned ISR in the scenario
of 802.11ah, it can be generalized to any OFDM system
with some subcarriers carrying the prior channel knowledge.
Simulation results demonstrate that the proposed scheme can
significantly reduce the required IBO up to 3–4 dB with
4–5 dB TD (target uncoded BER is 10−3), leading to 4–9 dB
improvement of PA efficiency for uplink signaling.

The adaptivity of ISR superiors to ICNC-based schemes
because ISR can work in any PA type that poses high nonlin-
earity at large amplitudes and low nonlinearity at small ones.
However, the strategy of disabling or applying ISR-I or ISR-II
according to the available time resource of AP and channel
quality is still to be further investigated for performance
optimization. This should be considered with the modula-
tion coding scheme described in 802.11ah. Given that most
SC schemes in recent years had been proposed for improving
the coding technique of IEC [30], there is a great potential for
ISR to combine those schemes against imperfect CSI such
as estimation errors and propagation delays. On the other
hand, we notice that ISR may be also applied to counteract
impulsive noise mitigation (e.g., [43]–[45]), which is another
important issue for OFDM nonlinearity. Both issues will be
considered as our future works.
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