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ABSTRACT In this paper, we report experimental results on the development and improvement of
the physical layer functions of a filter bank multicarrier with off-set quadrature amplitude modulation
(FBMC/OQAM) transceiver using a testbed implementedwith programmable software-defined radio (SDR).
The developed physical layer approach is similar to the IEEE 802.11a standard, and it has been tested
for timing synchronization, carrier frequency offset (CFO) correction, channel estimation and equalization.
An investigation into the inherent intrinsic imaginary interference in FBMC/OQAM has been carried out,
with initial findings indicating the seriousness of the effect of phase noise (PN). The conventional pilot
structure used in IEEE 802.11a cannot be directly applied to FBMC/OQAM, thus, a specially designed
pilot scheme is proposed to deal with the residual phase error. Three phase noise estimation schemes have
been evaluated, namely phase noise compensation (PNC), extended Kalman filter (EKF) and modified blind
phase searching (MBPS) methods. To further suppress the residual interference and enhance the phase
error correction, an iterative technique is used after the pilot equalization. The performance of the proposed
methods has been evaluated experimentally and via simulation for an indoor environment. The results verify
the capabilities of the proof-of-concept transceiver and the developed physical layer functions.

15 INDEX TERMS FBMC/OQAM, physical layer, phase noise, MBPS, Kalman filter, PNC, ISDF, WARP.

I. INTRODUCTION16

Filter bank multicarrier with off-set quadrature amplitude17

modulation (FBMC/OQAM) system is a potential wave-18

form candidate for future mobile communication. FBMC has19

recently attracted attention due to its advantages of better20

spectrum efficiency, lower side-lobes and higher robustness21

to narrow-band interference over the conventional orthogonal22

frequency divisionmultiplexing (OFDM) [1], [2]. Despite the23

advantages of FBMC over OFDM, it has many challenges24

that limit its implementation. For example, complexity in the25

system design due to the usage of filter banks at transmitter26

and receiver compared to OFDM, the time-frequency domain27

The associate editor coordinating the review of this manuscript and
approving it for publication was Luca Barletta.

channel estimation requires specially designed preamble to 28

eliminate the intrinsic interference, and advanced equalizer 29

such as N-tap frequency sampling equalizer is usually needed 30

to effectively equalize the channel [3], [4], [5]. Moreover, 31

residual phase error due to CFO requires specially designed 32

pilots protected from the intrinsic interference as well [6]. 33

The mismatch between the local oscillators of the trans- 34

mitter and receiver create a carrier frequency offset (CFO) 35

and phase noise (PN).These effects give rise to inter-carrier 36

interference (ICI) and common phase error (CPE) in any 37

multicarrier system. ICI destroys the orthogonality between 38

the subcarriers and the CPE causes rotation in the entire 39

constellation [7]. CFO is typically estimated and corrected 40

in the time domain through multiplication with a digital 41

carrier whose frequency negates the CFO estimate. The IEEE 42
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802.11a standard [8] uses a technique that compares two43

long training sequential (LTS) preamble symbols to estimate44

the CFO in a process called coarse CFO estimation. This is45

followed by channel impulse response (CIR) estimation using46

LTS preamble and then channel equalization. However, even47

after CFO correction is done in the time domain, there is48

typically a residual time-varying phase error (PE) that must49

be estimated in the frequency domain and tracked over time.50

Thus, OFDM systems employ multiple pilot subcarriers to51

estimate and correct the residual PE in the system. It is impor-52

tant to highlight that, pilots are used to estimate the PE after53

CIR estimation and equalization, therefore accurate chan-54

nel estimation and equalization are needed. Unfortunately,55

FBMC/OQAM suffers from intrinsic imaginary interference56

(IMI) caused by the adjacent subcarriers and symbols [5].57

The effect of IMI can be exacerbated by the presence of any58

complex distortion such as selective fading channel, CFO,59

PN, etc. [6]. These effects result in additional crosstalk for60

OQAM, leads to bit-error-rate (BER) floor and degrade the61

performance of a FBMC/OQAM system [9]. There are many62

works on CFO and PE estimation and correction for OFDM63

systems. However, works that are focused on overcoming64

the impact of selective fading channel, CFO and PE for65

FMBC are very limited. For instance, [4], [9], [10], [11], [12]66

discussed PN problem only, [13], [14], [15] discussed CFO67

and channel estimation, while [16] considered only channel68

equalization. In this paper, we investigate jointly the impact69

of several channel impairments and DSP-based compensa-70

tion techniques mainly CFO, PN, channel estimation and71

equalization which become more challenging in the real-72

time demodulation of FBMC/OQAM. This problem, which73

has not yet been adequately investigated in the literature,74

needs to be addressed for realizing the full potential of the75

FBMC/OQAM system.76

In [6], a pseudo-pilot was designed to avoid IMI for joint77

estimation of CFO and PE. In [10], coding and decoding78

matrices at the transmitter and receiver were utilized to79

suppress IMI and compensate for PN. In [4], an adaptive80

maximum likelihood estimator was used for PN compen-81

sation. In [11], a pilot-based extended Kalman filter was82

proposed for PN estimation. In [12], analytical expressions83

for the interference power under perfect CPE correction of the84

OQAM symbols were derived. Numerical evaluation showed85

that FBMC-OQAM is more robust against phase error than86

OFDM. The authors in [9] proposed a modified blind phase87

searching (MBPS) method to adapt classical BPS to the88

OQAM modulation. The modified BPS method makes the89

classical BPS applicable to OQAM symbols, but BPS-based90

methods generally have high complexity [6]. The MBPS91

method is usually used to increase system spectral efficiency92

since no pilot is needed. The MBPS has been used in many93

FBMC/OQAM systems to compensate for PN [4], [10], [11].94

Estimation of channel CIR and CFO is also a common95

approach used in previous studies. In [13] and [14], a two-96

step preamble-based approach was proposed to estimate97

CFO and CIR in multiple-input-multiple-output (MIMO)98

FBMC/OQAM system [13] and in single-input-multiple- 99

output (SIMO) FBMC/OQAM system [14]. A coarse CFO 100

estimator which does not require the channel knowledge was 101

used in the first step. Channel estimation based on least 102

squares (LS) estimator and conventional interference approx- 103

imation method (IAM) was considered in [2], [3], and [14], 104

and a minimum mean square error (MMSE) estimator in 105

time domain was used in [13]. In [15], an improved joint 106

maximum-likelihood (ML) estimation method for CFO, sam- 107

pling time offset, and CIR was proposed for OFDM/OQAM 108

based on pilots. In [16], an iterative soft decision feedback 109

(ISDF) technique to eliminate the residual inter-symbol inter- 110

ference (ISI) and inter-carrier interference (ICI) was pro- 111

posed to enhance the equalization for FBMC/QOAM system. 112

The accuracy of PE estimation is highly dependent on the 113

capability of estimating and equalizing the wireless channel 114

distortion. 115

Despite the promising results of FBMC/QOAM as a can- 116

didate waveform for next generation wireless systems, exper- 117

imental investigation for the physical layer processing of the 118

FBMC/OQAM systems with genuine RF signals generated 119

in real-time while taking into account the three important 120

error sources, namely CFO, PE, and CIR, is still lacking 121

on real-life hardware system. Prior works on SDR-based 122

implementation for FBMC/OQAM are limited. In [17], the 123

authors implemented FBMC transmitter and receiver on two 124

universal software radio peripheral (USRP) N210 boards 125

and MATLAB software. They focus on the practical aspects 126

of time and frequency synchronization of the frames and 127

channel estimation. In [18], a universal physical layer called 128

uPHYLA for uplink FBMC receiver, for single-input single- 129

output (SISO) and multiple-Input multiple-output (MIMO) 130

scenarios, was developed based on USRP2 and GNU Radio. 131

A WiMAX based simulator programmed in MATLAB was 132

developed within the project. The authors in [19] imple- 133

mented FBMC/OQAM on USRP N310 with GNU Radio, 134

where they concentrated on frequency-domain synchroniza- 135

tion issue only. However, in the above works [17], [18], [19], 136

there is no detail analysis of the joint impact of CFO, 137

residual CFO, channel estimation and equalization on the 138

FBCM/OQAM transceiver. 139

In this paper, the physical layer function of the 140

FBMC/OQAM system is implemented on WARP (wire- 141

less open-access research platform) hardware. WARP is a 142

software-defined radio (SDR) platform developed by Rice 143

University and Mango Communications [20], [21]. Version 3 144

of the WARP kit is built on a Xilinx Virtex-6 LX240T FPGA 145

with two programmable radio frequency (RF) interfaces 146

operating at 2.4 or 5 GHzwith a 40MHz bandwidth [21]. The 147

reference design of the WARP kit implements the MAC and 148

PHY from the 802.11a/g standard. It combinesMATLAB and 149

FPGA implementations of the WARP framework modules to 150

allow different physical layer designs to be constructed and 151

tested. The reference design uses MATLAB to control nodes 152

and perform signal processing. So far, there is no other work 153

on the implementation of FBMC/OQAM on the WARP kit. 154
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In this work, the FBMC/OQAM physical layer functions155

including symbol timing acquisition, carrier frequency off-156

set (CFO) correction, channel estimation, equalization, and157

residual phase error compensation are experimentally eval-158

uated. The proposed physical layer structure is similar to159

the IEEE 802.11a standard; moreover, to combat the IMI160

inherent in FBMC/OQAM, two pilots protected with zeros161

are designed for phase error estimation. An iterative tech-162

nique is proposed to eliminate the residual interference and163

enhance the phase error compensation. The core contribution164

of this paper is the SDR-based hardware-in-the-loop over-165

the-air evaluation and optimization of timing and frequency166

synchronization as well as channel estimation procedures of a167

FBMC/OQAM waveform with specially designed preamble168

and pilot symbols. This paper is organized as follows: the169

FBMC/OQAM system modeling and its implementation on170

WARP are introduced in Section 2; the phase error estima-171

tion and compensation methods are described in Section 3;172

discussion of experiment and simulation results is presented173

in Section 4; finally, the conclusion is drawn in Section 5.174

II. SYSTEM MODEL175

A. FBMC/OQAM SYSTEM MODEL176

Fig. 1 illustrates the FBMC/OQAM system model. At the177

transmitter, QAM symbols cm (p) are generated and con-178

verted into offset QAM (OQAM) symbols, where the real and179

imaginary values of the QAM symbols are staggered to form180

real-valued symbols dm,n. The symbols are thenmultiplied by181

a phase factor ejϕm,n = ej(m+n−2mn)π/2 to obtain orthogonal182

OQAM symbols, upsampled by factor of M/2 and filtered183

by using synthesis filter banks (SFB), whereM is the number184

of subcarriers. In this work, the PHYDYAS prototype filter185

g(l) [22], [23] is applied with overlapping factor K = 4186

and length Lg = KM . The synthesis filter banks (SFB) 187

and analysis filter banks (AFB) can be efficiently imple- 188

mented by the combination of polyphase network (PPN) and 189

fast Fourier transform (FFT). The resulting FBMC signal is 190

given by [6], [11]: 191

s (l) =
M−1∑
m=0

N−1∑
n=0

dm,ngm,n (l)ejϕm,n (1) 192

where gm,n (l) = g
(
l − nM2 −

Lg−1
2

)
e
j 2πM m

(
l−

Lg−1
2

)
, while 193

the parameters M , m, and n represent the number of sub- 194

carriers, subcarrier index, and time index respectively. The 195

received signal is then filtered by the analysis filter bank 196

(AFB). Denoting h(l) as the channel impulse response and 197

w(l) as the additive white Gaussian noise (AWGN) samples, 198

the input signal to AFB can be written as [6], [24]: 199

y (l) = (h (l) ∗ s (l)) ej(2π1fl+ϕ(l)) + w(l) (2) 200

ϕ (l) = ϕ (l − 1)+ ε (l) (3) 201

where ∗ is the convolution operator defined as h (l) ∗ s (l) = 202∑
∞

k=−∞ h [k] s [l − k], 1f is the normalized CFO, ϕ (l) is 203

the phase noise (PN) which can be modelled as a Wiener 204

process [25], [26], and ε (l) is a sequence of independent 205

and identically distributed (i.i.d) Gaussian random variables 206

with zero mean and variance of σ 2. The demodulated signal 207

on the m0-th subcarrier at the n0-th time instant, assuming 208

the channel frequency response (CFR) is almost flat over 209

the neighborhood of subcarrier m0, is expressed as in (4), 210

shown at the bottom of the page, [6], where jum0,n0 = 211∑
(m,n)6=(m0,n0) dm,n

∑Lg−1
l=0 gm,n (l) g∗m0,n0 (l) is the additional 212

crosstalk caused by intrinsic imaginary interference (IMI), 213

and the prototype filter used in (4) is assumed to exhibit good 214

spectral containment so the crosstalk is mainly caused by the 215

ym0,n0 =

Lg−1∑
l=0

y (l) g∗m0,n0 (l)e
−j(m+n−2mn) π2

=

Lg−1∑
l=0

[
Hm0e

j (2π1fl

+ϕ (l)) s (l)+ w(l)] g∗m0,n0 (l) e
−j(m+n−2mn) π2

=

Lg−1∑
l=0

[
Hm0e

j(2π1fl+ϕ(l))
M−1∑
m=0

N−1∑
n=0

dm,ngm,n (l)ej(m+n−2mn)
π
2 + w(l)

]
g∗m0,n0 (l)e

−j(m+n−2mn) π2

=

Lg−1∑
l=0

[
Hm0e

j(2π1fl+ϕ(l))
M−1∑
m=0

N−1∑
n=0

dm,ngm,n (l) g∗m0,n0 (l)+ w
′(l)

]
∼= Hm0dm0,n0e

j(2π1fn0+ϕ(n0))

+Hm0

∑
(m,n)6=(m0,n0)

dm,n

Lg−1∑
l=0

gm,n (l) g∗m0,n0 (l) e
j(2π1fn0+ϕ(n0)) + w′m0,n0

∼= Hm0e
j(2π1fn0+ϕ(n0))

(
dm0,n0 + jum0,n0

)
+ w′m0,n0 (4)
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adjacent subcarriers m ± 1 [2], [5]. Based on (4) it is clear216

that the data symbol dm0,n0 is affected by channel, CFO and217

PN in addition to the IMI. If the system is ideal and there are218

no channel, CFO and PN distortions, the real-valued symbol219

dm0,n0 can be recovered by simply taking the real component220

of (4). However, this is not true in the presence of channel221

distortion, CFO and PN. Hence, estimation and compensation222

of these effects before the demodulation in the FBMC is223

necessary.224

FIGURE 1. Structure of the FBMC/OQAM system.

B. IMPLEMENTATION OF THE PROPOSED FBMC/OQAM225

SYSTEM ON WARP226

The structure of the FBMC/OQAM frame is designed to be227

similar to the IEEE 802.11a standard that is used in theWARP228

kit for 64-subcarrier OFDM system, where only the pilot and229

data subcarrier locations are changed.230

FIGURE 2. FBMC/OQAM transmitter implemented on WARP kit.

The block diagram of the FBMC/OQAM transmitter is231

depicted in Fig. 2. After obtaining OQAM symbols from232

QAM symbols, two pilots at subcarrier locations {27, 39}233

are inserted as shown in Fig. 3b. These subcarriers are pro-234

tected by zero padded subcarriers at location {25, 26, 40, 41}235

to avoid IMI in the FBMC/OQAM system. The pilot tone236

values are defined as BPSK symbols {+1, −1} that are237

repeated across all FBCM/OQAM symbols. These pilots are238

needed to estimate the residual CFO which causes a time239

varying phase offset that increases linearly with each FBMC240

symbol. TheOQAMdata aremapped to subcarriers located at241

{2:24, 42:64}, with a total of 46 subcarriers for the useful242

data. The remaining subcarriers are set to null. Then the SFB243

is applied to each subcarrier and the outputs are combined to244

form the time-domain FBMC/OQAM signal. The preamble245

is then appended to this signal as shown in Fig.3a. Each246

FBMC/OQAM frame contains preamble for detection, syn-247

chronization, coarse CFO estimation and channel estimation248

purposes. This preamble (640 samples) consists of two parts249

known as short training symbols (STS) and long training250

symbols (LTS), which are known at both sides of the com-251

munication link. The STS is intended for signal detection,252

automatic gain control (AGC) stabilization and diversity 253

(if several antennas are used).The STS of length 480 samples, 254

as shown in Fig. 3c, is formed by repeating 30 times a 16-digit 255

pattern of BPSK symbols and zeros. The LTS with 160 sam- 256

ples is formed through repeating 2.5 times the time-domain 257

sequence of the 64-sample sequence in Fig. 3d. The LTS 258

is used for timing synchronization, coarse CFO estimation 259

and channel estimation. The source code for implementing 260

FBMC/OQAM on WARP kit can be found in [27]. 261

FIGURE 3. Structure of the FBMC/OQAM frame in (a) time domain
(b) frequency-time domain, (c) preamble signal, (d) LTS pattern
before IFFT.

The FBMC/OQAM data to be transmitted have to be 262

interpolated by rate of 2 and padded with zeros in order to 263

match the buffer size of the WARP kit, as the buffer size 264

of each radio board is about 214. The signal is then scaled 265

between -1 and +1. The FBMC/OQAM signal, which con- 266

sists of time domain samples with real (I) and imaginary (Q) 267

components, is given as an input to the WARP kit. They 268

are stored separately in I and Q buffer. The stored signal is 269

converted into analog waveforms using a digital-to-analog 270

converter (DAC). The baseband signal is up-converted to an 271

RF carrier frequency of 2.4GHz with 40MHz bandwidth; 272

then, the modulated signal is amplified using RF amplifier 273

and transmitted via the selected antenna. 274

Fig. 4 shows the FBMC/OQAM receiver. The received 275

signal is down-converted from RF band to baseband and 276

down-sampled by two to match the hardware bandwidth. 277

The LTS preamble is extracted from the received signal for 278

timing synchronization via a cross-correlator. The result- 279

ing two LTS correlation peaks establish the timing for the 280

rest of the reception. Since the LTS preamble consists of 281

2.5 repetition of a 64-sample sequence, two LTSs (LTS1 282

and LTS2) are used to estimate the CFO by comparing their 283

phases. The CFO (1f̂ ) is estimated by averaging the 64 phase 284

comparisons, then it is removed by multiplying the whole 285

received signal with exp(−j2π1f̂ n). The LTS1 and LTS2 286

preambles are re-extracted again for channel estimation, and 287

then a 64-point FFT is applied to each preamble to obtain 288

two training symbols. The complex channel coefficient is 289

estimated for each non-zero subcarrier by averaging the least 290

squares estimates from the two training symbols. The esti- 291

mated channel is then fed into a zero-forcing equalizer to 292
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FIGURE 4. (a) FBMC/OQAM receiver implemented on WARP kit (b) Proposed enhanced FBMC/OQAM
receiver implemented on the WARP kit.

remove distortion incurred by propagation through the wire-293

less channel as illustrated in Fig. 4a. Before that, the received294

FBMC/OQAM signal is sent to AFB for match filtering and295

reshaping into parallel subcarriers. An equalizer is applied296

to the AFB output that contains the data subcarriers and297

pilot subcarriers. At this stage the FBMC/OQAM signal still298

suffer from residual ICI and ISI interference and phase error.299

The pilot tones embedded in each FBMC/OQAM symbol300

are extracted to estimate the phase error. Every subcarrier in301

the FBMC/OQAM symbol is then de-rotated by using the302

estimated phase error. Unfortunately, the pilots are affected303

by residual ISI, ICI and noise, thus the phase error estimation304

accuracy degrades. The zero-forcing equalizer is incapable of305

restoring the orthogonally of the pulse on the real field and to306

make things worse, it may enhance the residual interference307

and noise due to the zero-forcing nature of the simple equal-308

izer. To enhance the phase error estimation and data equal-309

ization, the ISDF technique [16] is proposed to be imple-310

mented after the equalizer to remove the residual interference311

from the FBMC/OQAM symbol as illustrated in Fig. 4b.312

In the proposed FBMC/OQAM system, synthesis-analysis313

filter banks are used to combat the residual interference314

and noise. The equalized signal, which is a complex-valued315

signal that includes the signal and ISI/ICI, is first sent to316

SFB to re-synthesize the time-domain FBMC/OQAM sig-317

nal. Through SFB, the interference and noise are spread318

out and averaged over the entire bandwidth. The output is319

then passed to AFB to filter out the residual interference320

and noise for each subband and produce a clean signal. The321

pilots are then extracted to estimate the phase error more322

effectively.323

C. RESIDUAL PHASE ERROR COMPENSATION 324

TECHNIQUES 325

Following the approximation model given in (4), the received 326

pilot after AFB is given by: 327

P̂mp,np ∼= Hmpe
jϕ(np)

(
Pmp,np + jump,np

)
+ w′mp,np (5) 328

where jump,np =
∑
(m,n)6=(mp,np) Pm,n

∑Lg−1
l=0 gm,n (l) 329

g∗m0,n0 (l). Similar to the received data symbols the above 330

model shows that the received pilots are also affected by 331

residual phase error and additional crosstalk. In the following 332

section, three important phase error estimation or correction 333

schemes that can be applied to the proposed FBMC/OQAM 334

system are discussed. 335

1) PHASE NOISE COMPENSATION (PNC) TECHNIQUE 336

In OFDM [28], [29], [30], assuming the flat and time- 337

invariant channel response on each subcarrier is estimated 338

and corrected perfectly, the phase error can be estimated from 339

known pilots Pmp,np by taking the phase of the averaged 340

results of the multiplication of the known pilots with the 341

received pilots P̂mp,np as follows [28]: 342

ϕ̂ (n) = arg

 1
Mp

Mp∑
mp=1

P̂mp,npP
∗
mp,np∣∣∣P̂mp,npPmp,np ∣∣∣

 (6) 343

where (·)∗ is the complex conjugate operator and Mp is the 344

number of pilots. The accuracy of the above model depends 345

on the number of pilots used in the estimation; therefore, there 346

exists a trade-off between the spectral efficiency (SE) and 347

accuracy. In FBMC/OQAM, if the noise term is ignored and 348
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the CFO and wireless channel are assumed to have been effi-349

ciently estimated and corrected for all symbols, the received350

pilot is simplified as [10]:351

P̂mp,np ∼= ejϕ(np)
(
Pmp,np + jump,np

)
(7)352

and the phase error estimation becomes [10]:353

ϕ̂ (n) = arg

 1
Mp

∑
mp=1

M
p

P̂mp,np
(
Pmp,np + jump,np

)∗∣∣∣P̂mp,np (Pmp,np + jump,np)∣∣∣
354

(8)355

Eq. (8) shows the pilots are still affected by IMI. Unfortu-356

nately, in practice there is no way to know the associated357

interference term as they are data-dependent [10]. Hence,358

in order to employ this simple technique, the interference359

terms need to be suppressed first. The ISDF technique can360

be employed to remove the interference term and enhance361

phase error estimation. The effect of phase error can then362

be cancelled by multiplying the equalized samples with363

exp(−jϕ̂ (n)).364

2) EXTENDED KALMAN FILTER (EKF)365

Due to the nonlinear (exponential) component presented366

in (7), a linear Kalman filter cannot be used directly to367

estimate the phase error; therefore, an extended Kalman filter368

(EKF) is normally adopted in this case [11], [31]. At first,369

the EKF linearizes the measuring equation by taking the first370

derivative with respect to the phase variable. Eq. (7) and371

Eq. (3) can be seen as a set of measuring and process equa-372

tions for the Kalman state-space model. The phase variation373

ϕ
(
np
)
is the state that wewant to estimate, while P̂mp,np repre-374

sents the observable variable which is a complex signal after375

channel equalization. The procedures for implementing EKF376

are presented in Fig. 5. The Q and R are the covariance of the377

processing noise and measuring noise respectively. Kalman378

gain Kn is updated every iteration from the measurement379

rather than the noise parameters; therefore the performance of380

the EKF is not very sensitive to the accuracy of Q. The phase381

error can be estimated using the known pilot Pmp,np . Variables382

with notation (n|n) denote the posteriori estimation of the383

current state when the current observation n is available, and384

variables with notation (n|n-1) denote the priori estimation of385

the current state while only having measurements from one386

past state n-1 available [11].387

3) MODIFIED BLIND PHASE SEARCHING (MBPS)388

The modified blind phase searching (MBPS) method is a389

blind method that does not need pilots to correct the phase390

error. The MBPS method increases the system spectral effi-391

ciency (SE), but requires high computational complexity.392

The basic idea behind the MBPS method for FBMC/393

OQAM signal is to pre-rotate the channel equalized signal394

zm,n with a number of phase tests ϕb = (b/B) · π − π/2395

before applying the standard OQAM conversion, where396

b = 1, 2, . . . ,B and B is the total number of phase tests [9].397

The rotated nth sample of the kth subcarrier is given by398

FIGURE 5. Procedure of EKF for estimating the phase error using pilots.

zm,n,b = zm,n · exp (jϕb). The subcarrier index m in zm,n,b can 399

be omitted to simplify the notation to zn,b. The rotated phase 400

is selected such that the given cost function is minimized. 401

The effect of the additive noise can be reduced by averaging 402

the cost function over 2N consecutive samples with the same 403

phase test ϕb. The estimated phase rotation with respect to the 404

PN suppression can be written as [31]: 405

ϕ̂b,MBPS = arg
∑N−1

i=−N

(∣∣zn+i,b − DD (zn+i,b)∣∣2) (9) 406

where DD is a direct decision operator. 407

III. RESULTS AND DISCUSSION 408

A. EXPERIMENT SETUP AND RESULTS 409

The evaluation of the proposed FBMC/OQAM system is 410

performed using two WARP v3 kits operating at 2.412 GHz, 411

which are connected through a gigabit Ethernet switch to a 412

personal computer (PC). MATLAB is used for constructing 413

the transmitted FBMC/OQAM signal and performing the sig- 414

nal processing techniques for the received signal. Fig. 6 shows 415

the layout of the experimental setup. The field measurements 416

have been carried out along the corridor on the 2nd floor of 417

Faculty of Engineering and Technology (FET), Multimedia 418

University (MMU). The corridor is 50m in length, 4.5m in 419

width and 4m in height on one side and 18m in height on other 420

side as shown in Fig. 6. The side walls, floor and ceiling of 421

the corridor are constructed of concrete/bricks with cement 422

plaster on the surface; the floor is covered with polished 423

concrete. There are some plastic chairs, tables, wooden doors 424

and some windows in the corridor. There are two semi-open 425

space with 2m in width on both sides of the corridor. In the 426

measurements, the windows were closed; only one lab door 427

was open. The transmitter (TX) board is placed at the height 428

of 1.6m, at the location denoted by the solid square in Fig. 6. 429

The receiver (RX) board is placed at the height of 0.75m, and 430

moved along the straight dashed line. 431

To investigate the importance of the residual phase 432

error correction process, the constellation of the received 433

FBMC/OQAM symbols with channel equalization only is 434

shown in Fig. 7a, where the Tx-Rx separation is less 435
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FIGURE 6. FET-MMU Corridor layout of the experimental setup.

FIGURE 7. Constellation diagram of the received FBMC with 16OQAM
symbols with (a) channel equalization only (b) CFO and channel
equalization (c) CFO, channel equalization and residual phase error
correction, (d) Phase error estimation over FBMC symbol in degree.

than 0.5m. It can be observed that the symbols are scat-436

tered all over the constellation plot because they are severely437

contaminated by other distortions such as CFO and residual438

phase error. Fig. 7b illustrates the constellation diagram after439

performing CFO correction and channel equalization where440

the constellation points are less contaminated; however, the441

error rate of the FBMC/OQAMsystem is still high. Next, with442

additional phase error correction, the constellation points443

become clearer and the FBMC/OQAM system is almost444

error-free as shown in Fig. 7c. It is important to stress that445

channel estimation and equalization are not enough to recover446

the FBMC symbols, there are still CFO and residual CFO that447

need to be estimated and corrected. The time domain CFO448

estimator seeks to minimize the impact of ICI by reducing449

the CFO before samples are fed into the receiver’s AFB.450

However, this estimator will rarely remove all CFO, leaving451

a residual CFO which causes a time varying phase offset.452

The pilots are used to estimate and correct this residual453

phase error. The channel estimation can be done efficiently, 454

since the 16QAM symbols are correctly recovered after phase 455

error correction. The estimated coarse CFO is 447.7Hz and 456

estimated phase error (residual CFO) is 38.4Hz, which lead 457

to an overall CFO of 486.1Hz corresponding to 0.20 ppm 458

(parts per million). Even though the residual CFO is small, it 459

has significant impact because it causes phase offsets which 460

increase from zero (at the start of the packet) to 57.2◦ (at the 461

end of the packet) as shown in Fig. 7d. For 16QAM, the 462

inner symbols can tolerate 45o phase shift, however, the outer 463

symbols can tolerate only 16.8o. The WARP v3 transceiver 464

is designed based on TCXO oscillator, which has frequency 465

accuracy of ±2.5 ppm (i.e., maximum CFO is ±12kHz 466

at carrier frequency of 2.4GHz). In comparison with other 467

USRPs such as NI-USRP- 2920, 2921, 2922 and USRPN210 468

a frequency accuracy of ±2.5 ppm is also being specified, 469

however, USRP N310 provides better frequency accuracy 470

of ±0.1 ppm (corresponding to maximum CFO of ±480Hz 471

at carrier frequency of 2.4GHz). It is important to mention 472

that the IEEE 802.11a specification has suggested oscillator 473

precision tolerance up to ± 20 ppm, which allows for much 474

higher clock deviation of the oscillators. 475

We examined the distortion accumulated on the protection 476

pilot located at subcarrier 26 and the results are depicted in 477

Fig. 8. The received signal ‘‘Rx’’ (green) contains the dis- 478

tortion of the channel, CFO and additive noise. By applying 479

CFO correction and channel equalization we get the signal 480

‘‘Rx after equalizer’’ (red), where it can be observed that 481

the magnitude of distortion has been reduced. This signal 482

represents the approximate sum of residual phase error and 483

residual interference, provided the additive noise is small 484

and the channel impulse response is correctly estimated (this 485

assumption is valid for the near error-free scenario described 486

in Fig. 7). The residual distortion can be reduced further by 487

employing ISDF technique as presented in Fig. 8. 488
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FIGURE 8. The accumulated distortion on the protection pilot.

For the WARP kit, the power of the transmitted signal can489

be adjusted through the baseband (BB) gain and RF gain490

with gain range of 0-3dB and 0-63dB respectively. Using491

MATLAB, the values of these parameters can be adjusted to492

get a particular gain. The power of the received signal can be493

set to automatic or manual. The automatic setting turns the494

AGC on, where the AGC is designed to optimize the Rx BB495

and RF gains so that the analog signal presented to the ADC496

is within the dynamic range of the ADC. If AGC is disabled,497

then the user must select the Rx gains that result in a good498

signal level at the ADC input. Fig. 9 shows the Tx RF gain499

versus BER performance that is evaluated in the experiment500

with the Tx BB, Rx BB and Rx RF gains fixed to 3dB, 12dB501

and 2dB respectively. Based on the average of 30 data mea-502

surements, all algorithms achieve their best BER performance503

with Tx RF gain at about 30dB. The transmitted power from504

the RF antenna of the WARP kit is calibrated by connecting505

the RF interface to a spectrum analyzer using a coaxial cable506

with 5 dB loss and transmitting the FBMC/OQAM signal507

at Tx RF gain of 30dB. The measured transmitted power508

is 6dBm, corresponding to 30dB gain. The performance of509

different techniques to eliminate the phase error have also510

been tested and shown in Fig. 9. The phase error estimation511

and correction based on PNC shows similar performancewith512

the EKF-based method. The two methods outperform the513

MBPS-based method. The ISDF technique further improves514

the performance of the three algorithms.515

In order to characterize the propagation environment in516

the FET-MMU corridor, a measurement experiment has been517

conducted where a continuous signal power of 6dBm at518

2.412GHz generated by a function generator is measured by519

a spectrum analyzer for different Tx-Rx separation distances520

as shown in Fig. 10a, the measurement data can be found521

in [32]. The received power for four measurements versus522

the distance between the transmitter and receiver are plotted523

in Fig. 10b. To obtain more insight about the propagation524

of wireless channel in the corridor, the ray-tracing tech-525

nique [33], [34], [35] is used. The technique computes the526

power and delay of the line-of-sight (LoS) ray and reflected527

rays caused by external objects such as walls and floor,528

FIGURE 9. BER versus the RF gain of the FPGA board used as transmitter.

considering the dimensions of the corridor and the position of 529

Tx and Rx. The received power based on the theoretical free- 530

space path loss (FSPL) and ray tracing with four paths are 531

plotted for comparison. It can be observed that the received 532

signal power is similar to the simple line-of-sight condition 533

for distance up to about 10m.At certain locations between the 534

Tx and Rx, the signal experience deep fade due to multipath 535

effects, where this phenomenon is very well represented with 536

ray tracing of four paths compared with FSPL. Therefore, 537

the FBMC/OQAM received signal is expected to have power 538

drops in some locations. 539

FIGURE 10. (a) Instruments (function generator and spectrum analyzer)
used to measure the path loss, (b) Received signal power (dBm) versus
the distance (meter) between Tx and Rx.

In this experiment the wireless channel between the trans- 540

mitter and receiver exhibits Rician fading. Fig. 11 shows an 541

example of the power delay profile (PDP) for a separation 542

distance of 10m. The first peak is due to the LoS path from 543

Tx to Rx. The RMS delay spread of the example shown in 544

Fig. 11 is 1ns. 545

The performance of the three phase error compensation 546

techniques is evaluated for different distances between the Tx 547

and Rx and the results are depicted in Fig. 12. The transmitter 548

is fixed at one location and the receiver station is moved 549
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FIGURE 11. Power delay profile (PDP) for Tx-Rx separation of 10 meter.

to different distances along the dashed line as illustrated in550

Fig. 6. The channel estimation method used in this system551

works well so channel distortion is not a big problem. How-552

ever, Fig. 12 shows that without the PE correction method,553

the BER performance is degraded very much; this is because554

of the existence of the phase noise that causes the received555

symbols to be rotated, and also the existence of the crosstalk556

introduced by the IMI. Implementing PE compensation tech-557

niques can significantly improve the BER performance as558

shown in Fig. 12. The fluctuation of the BER curve is due559

to multipath fading effects caused by the wireless channel, as560

shown earlier in Fig. 10b. Fig. 12 demonstrates that the algo-561

rithms work well up to 30 meters, then their performances562

start to degrade beyond the FEC limit of 3.8×10−3 [36]. The563

PNC and EKF-based methods provide better performance564

thanMBPS. The performance of PNC and EKF are almost the565

same because the EKF is independent of the noise covariance.566

The ISDF technique enhances the PE correction in the three567

methods because it has the capability to combat the residual568

IMI caused by the channel distortion. Further investigation569

will be carried out to gain further insight and the results are570

presented in the simulation section. The simulation of the571

FBMC/4OQAM system is carried out based on four-path ray-572

tracing model derived earlier, where different K -factors are573

used at each distance. The experimental BER results agree574

well with that of the simulation.575

B. SIMULATION RESULTS576

To explore the advantages of the proposed system the fol-577

lowing simulations have been conducted. The indoor channel578

model is simulated based on specifications given in [37].579

Two channel models are used in this part, namely model B580

with 15 ns rms delay spread and model C with 30 ns rms581

delay spread for a typical residential home and small office.582

Fig. 13 highlights the results of testing the performance of583

the FBMC/4OQAM (solid lines) and OFDM (dashed lines)584

systems under different channel models: model B, model C585

and the corridor PDP as given in Fig. 11 with delay spread586

of 1.34ns. The results are compared with cases involving587

AWGN (additive white Gaussian noise) channel and no CIR588

estimation. The BER performance of the system based on589

FIGURE 12. BER versus different distance between transmitter and
receiver FPGA boards.

the corridor PDP model is better because it has a rela- 590

tively smaller delay spread compared to models B and C. 591

Models B and C consider much richer scattering NLoS envi- 592

ronment (i.e., more and longer reflected paths), therefore the 593

frequency selectivity of the channels is higher compared with 594

the FET-MMU corridor model. The OFDM outperforms the 595

FBMC/OQAM in AWGN scenario; however, when the chan- 596

nel experiences a multipath effect as in practical scenario, 597

the FBMC/OQAM performs better than OFDM under severe 598

multipath channel models as in model B and C, and slight 599

improvement in FBMC/OQAM can be achieved in moderate 600

multipath model as in MMU-FET corridor. 601

FIGURE 13. BER performance of FBMC/OQAM (solid lines) and OFDM
(dashed lines) systems under different channel models.

The performances of BER of the PNC and EKF methods 602

are investigated at SNR of 10 dB, for two phase errors with 603

variances of σ 2
= 0.15×10−3 (solid line) and 1.42×10−3 604

(dashed line) using channel model B, the PN values are 605

selected to show the performance difference of the PN correc- 606

tion algorithms under moderate and high phase error, where 607

the obtained results are illustrated in in Fig. 14. The BER 608

under different pilot-to-signal-power-ratios (PSRs) is shown 609
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FIGURE 14. BER as function of pilot-to-signal-power-ratio (PSR), at SNR
of 10dB, channel model B and phase error variance of σ2= 0.15×10−3

(solid line) and 1.42×10−3 (dashed line).

in Fig. 14. The PSR is defined as:610

PSR = 10log10(Pp
/
Ps) (10)611

where Pp is the FBMC/4OQAM signal power containing612

the pilot tones, and Ps is the FBMC/4OQAM signal power613

without pilots. The figure shows that when no CIR or PE614

estimation is implemented, the system fails. Using the chan-615

nel and PE estimation techniques that are described earlier616

in Section 2.B improves the system performance. In the low617

PSR region, the BER decreases as the PSR increases. This is618

because the higher power allocated for the pilots makes them619

easier to be estimated at the receiver. When the pilot power620

is very small compared to the FBMC/4OQAM signal, the621

noise distorts the pilots and causes degradation in BER per-622

formance. However, we also found that the BER performance623

degrades when the PSR is higher than 0.75. This is due to the624

fact that more power is allocated to the pilots and the power625

allocated to the useful data decreases, hence making the data626

more vulnerable to noise effects. Fig. 14 also shows that when627

using ISDF technique on PNC and EKF, the performance of628

BER decreases. Hereafter, the best PSR found in Fig. 14 is629

used to evaluate the performance of the proposed system.630

Fig. 15 shows the BER performances of MBPS and ISDF-631

MBPS that are evaluated for different number of phase632

tests, B. The number of phase tests is important to rotate the633

equalized signal and minimize the cost function as discussed634

earlier in Section C.3. Increasing the number of phase tests635

increases the computational complexity extensively; there-636

fore it is important to optimize this parameter to choose637

the best number of tests that provides a good performance.638

The MBPS based methods are tested at SNR of 10 dB, for639

two phase errors with variances of σ 2
= 0.15×10−3 (solid640

line) and 1.42×10−3 (dashed line) using channel model B,641

as shown in Fig. 15. The MBPS and MBPS-ISDF meth-642

ods provide good BER performance when the number of643

phase tests is greater than 8. The MBPS-ISDF method per-644

forms better than the MBPS, this is because the IMI com-645

ing from neighbouring symbols deteriorates the data symbol646

FIGURE 15. BER as function of number of phase tests (PSR) for
MBPS-based methods, at SNR of 10dB, channel model B and phase error
variance of σ2= 0.15×10−3 (solid line) and 1.42×10−3 (dashed line).

FIGURE 16. BER versus SNR at phase error variance of σ2 = 0.63×10−3

in channel model B (solid line) and channel model C (dashed line).

detection accuracy. Thus, eliminating the residual IMI using 647

ISDF technique enhances the PE correction. 648

The BER versus SNR plot is given in Fig. 16. Firstly, 649

the simulation result for AWGN (additive white Gaussian 650

noise) with the assumption of no channel and phase error 651

effects is presented. The performances of the methods are 652

tested at phase error variance of σ 2
= 0.63×10−3 for two 653

channel models, model B (solid line) and model C (dashed 654

line). At low SNR, the PNC and EKF-based methods perform 655

better than the MBPS-based methods. The ISDF technique 656

enhances the performance further, where the enhancement 657

gets better as the SNR increases, because at low SNR, the 658

noise effect is more dominant than the signal power and 659

the additional IMI cannot be removed. The MBPS method 660

performs better at higher SNR, and its performance is close to 661

the PNC and EKF’s performance. This is because the MBPS- 662

based method can average the noise influence when calcu- 663

lating the PE error. When the channel distortion is higher as 664

in model C (dashed line), because of the higher delay spread 665

compared to channel model B, the ISDF-basedmethods show 666
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FIGURE 17. BER versus phase noise variance at SNR = 10 with channel
model B.

significant improvement, as a result of the capability of ISDF667

to eliminate the residual IMI.668

Fig. 17 depicts the BER under different phase noise vari-669

ance to illustrate the advantages of using PE correction meth-670

ods. As shown in the figure, without PE compensation, the671

BER is very bad and the system cannot recover the trans-672

mitted data symbols. Applying PE estimation or correction673

method can significantly improve the BER performance. The674

ISDF-PNC, ISDF-EKF and ISDF-MBPS methods show sig-675

nificant performance improvement compared with the PNC,676

EKF and MBPS methods. The MBPS method performs well677

at low phase noise variance.678

IV. CONCLUSION679

In this paper, the development and experimental investigation680

of an FBMC/OQAM physical layer function that is similar681

to the IEEE 802.11a standard with specially designed pilot682

locations to suit the FBMC/OQAM waveform are presented.683

A series of experiments was done to validate the design’s684

capabilities. Measurements of the indoor channel character-685

istics were conducted and validated using ray tracing method,686

and then the model was used for simulating the channel. The687

results show close agreement between the BER of the exper-688

imental and simulation results. An investigation was carried689

out to evaluate the impact of the phase noise. Low complex-690

ity methods to compensate for the phase noise have been691

evaluated experimentally and by numerical simulations. The692

MBPSmethodwas then optimized to achieve a good trade-off693

between computational complexity and performance. More-694

over, the pilot’s power was optimized for efficient phase695

estimation in the PNC and EKF methods. It is found that the696

MBPS method performs fairly well at low phase noise and697

high SNR; however, at high phase noise and low SNR, the698

PNC and EKFmethods can tolerate amuch larger phase noise699

than the MBPS method. In the presence of severe multipath700

fading, the IMI becomes significant, thus the ISDF technique701

can be used to eliminate the residual interference and enhance702

the system performance. It is worth mentioning that the PNC703

method is a better choice compared to other methods as it704

has a good trade-off between complexity and performance. 705

An experimental comparison between the WARP and USRP 706

that provides different frequency stability of the oscillator can 707

be done in the future to study the impact of residual CFO 708

on the performance of low-cost SDR-based FBMC/OQAM 709

system. 710

APPENDIX 711

The abbreviations used in this paper are listed as: 712

Acronym Definition
ADC Analog-to-digital converter.
AFB Analysis filter banks.
AGC Automatic gain control.
AWGN Additive white Gaussian noise.
BB Baseband.
BPSK Binary phase-shift-keyed.
BER Bit error rate.
CFO Carrier frequency offset.
CIR Channel impulse response.
CPE Common phase error.
DAC Digital-to-analog converter.
EKF Extended Kalman filter.
FBMC Filter bank multicarrier.
FEC Forward error correction.
FFT Fast Fourier transform.
FSPL Free-space path loss.
I/Q In-phase or quadrature component.
IAM Interference approximation method.
ICI Inter-carrier interference.
IMI Intrinsic imaginary interference.
ISDF Iterative soft decision feedback.
ISI Inter-symbol interference.
LoS Line-of-sight.
LS Least squares.
LTS Long training sequential.
MBPS Modified blind phase searching.
MMSE Minimum mean square error.
MIMO Multiple-input-multiple-output.
MMSE Minimum mean square error.
ML Maximum-likelihood.
NLoS Non line-of-sight.
OFDM Orthogonal frequency division multiplexing.
OQAM Offset quadrature amplitude modulation.
PC Personal computer.
PDP Power delay profile.
PSR Pilot-to-signal-power-ratio.
PN Phase noise.
PNC Phase noise compensation.
PPM Parts per million.
PPN Polyphase network.
QAM Quadrature amplitude modulation.
RF Radio frequency.
RMS Root-mean-square.
Rx Receiver.
SDR Software-defined radio.
SE Spectral efficiency. 713
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SFB Synthesis filter banks.
SNR Signal-to-noise-ratio.
STBC Space-time block code.
STS Short training symbols.
Tx Transmitter.
WARP Wireless open-access research

platform.714
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