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Abstract—In this paper, we present a subcarrier pairing
scheme to improve the overall error performance of self-
heterodyne (self-het) OFDM communications. The proposed
pairing scheme exploits the average signal-to-interference-to noise
ratios (SINRs) imbalance experienced among self-het OFDM
subcarriers. At the transmitter, two simple operations, symbol
constellation rotation and component interleaving, are performed
before pairing the good and the bad OFDM subcarriers, and
maximum likelihood detection is used at the receiver to decode
the information. The simulation results show that the proposed
pairing scheme improves the system performance by 2.5 dB and
0.6 dB for Rayleigh fading and AWGN channels at bit error
rate (BER) of 10

−3, respectively, without any coding overhead.
In addition, we show that, in the presence of phase noise,
self-het OFDM using the proposed pairing scheme outperforms
the conventional OFDM schemes with superheterodyne receiver
structures.
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multipath fading, super-heterodyne, non-coherent detection,

peak detection, millimeter-wave communication, phase noise,
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I. INTRODUCTION

Non-congested millimeter-wave and terahertz RF spectra

have great potential to be used for high speed data communi-

cations [1], [2]. At such high frequencies, the implementation

of stable oscillators and carrier phase recovery circuitries

are technically challenging. Even using advanced frequency

stabilization techniques, phase noise at the receiver is still

significant [3]. Thus conventional OFDM schemes that are

inherently sensitive to phase noise are impractical for applica-

tions in such frequency bands.

To solve this problem, Shoji et. al. proposed self-heterodyne

OFDM (self-het OFDM)[3], [4] for high-level oscillator insta-

bilities in 60GHz RF band and demonstrated its highly stable

performance using a simple RF receiver structure. In self-het

OFDM, the transmitter sends both local RF carrier and the

OFDM subcarriers. At the receiver, a square-law device or

circuitry (self-mixing) is used to down-convert the RF signal

without the needs of a local carrier, carrier phase recovery

and carrier frequency correction. Since the transmitter can

ensure that the local carrier phase is synchronized with the

OFDM subcarriers, the self-het OFDM down-conversion is

very simple, stable and theoretically has zero phase noise. This

advantage comes at the cost of 50% rate reduction.

In this paper, we consider the self-het OFDM and propose

a new subcarrier pairing scheme to improve its overall bit

error rate (BER) performance over both AWGN and mul-

tipath fading channels. Using discrete input alphabets, the

idea of pairing was first presented in [6] for MIMO sys-

tems, where channel state information is available at both

transmitter (CSIT) and receiver. After using singular value

decomposition (SVD) precoding, the MIMO channels are

transformed into parallel subchannels. Then the subchannels

with good and bad diversity orders are paired together and

precoded using signal constellation rotations and component

interleaving, which were proved to be robust against the effect

of noise [7]. The specific use of component interleaving is to

make the real and imaginary components of received symbols

experience different fading. If one faces deep fading, the other

is still valid. The information theoretic perspective of MIMO

pairing using discrete input alphabets was discussed in [8] with

practical applications to OFDM. This idea was later extended

to optical communications [9].

In this paper, for self-het OFDM, the proposed pairing

scheme exploits the unbalanced nature of the signal-to-

interference-to noise ratios (SINRs) experienced in the subcar-

riers. It was shown in our previous work [5] that this property

(unbalanced SINRs) holds for self-OFDM over both AWGN

and multipath fading channels, respectively. This is due to the

intermixing of the noise spectrum with the OFDM subcarriers

[4], [5]. Hence, higher-frequency OFDM subcarriers have

higher average SINRs, when compared to the lower-frequency

ones. Then a subcarrier with high SINR can be paired with

one having low SINR, and precoding can be done across each

pair of subcarriers. At the receiver, a simple joint maximum

likelihood decoding (MLD) is employed to decode each pair

of symbols.

We note that the proposed pairing scheme offers three main

advantages: (i) it involves no coding overhead or increased

transmitter power; (ii) it has a low decoding complexity, since

joint precoding is performed only across a pair of subcarriers;

and (iii) it improves the diversity order of the system over

multipath fading channels.

The paper is organized as follows. In Section II, we review

self-het OFDM communications. In Section III, we present the

proposed pairing scheme for self-het OFDM. In Section IV, we

show the simulation results. Finally, we draw the conclusions

in Section V.

Throughout this paper, we adopt the following notation:

�{·} and �{·} denote real and imaginary components of a

complex number, j denotes the imaginary unit, ∗ represents

the convolution operation, δ(·) denotes Dirac Delta function,

and Gx represents PSD of signal x(t).
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Fig. 1. Self-Het OFDM communication system with proposed pairing scheme

II. SYSTEM MODEL

A. Self-het OFDM

Fig. 1 shows the block diagram of self-het OFDM

transceiver, where N , Nx, and Ng represent the size of

Inverse Fast Fourier Transform (IFFT), the number of OFDM

subcarriers used to encode information, and the number of sub-

carriers omitted, respectively. At the transmitter, information

containing symbols Xk, k = Ng+1, ..., Ng+Nx, are mapped

to the Nx OFDM subcarriers. After the IFFT operation, the

time-domain OFDM symbol is generated by adding the cyclic

prefix (CP) that has a length sufficient to avoid inter-symbol-

interference (ISI). Then, both parallel-to-serial conversion and

digital-to-analogue conversion are performed at the transmitter

to generate the OFDM signal s(t). Let fc and Δf denote RF

carrier frequency and the OFDM carrier spacing, respectively.

The OFDM signal is given by

s(t) = �
{

Nx∑
k=1

Xke
j2π(fc+Bg+kΔf)t

}
(1)

where Bg = ΔfNg . The RF signal x(t) can be generated by

adding a local RF carrier signal to s(t) with a frequency gap

Bg between the carrier and the first OFDM subcarrier, i.e.,

x(t) = A cos (2πfct) + s(t).

If x(t) is transmitted over a multipath fading channel h(t),
the received signal is given by r(t) = h(t) ∗ x(t) + n(t),
where n(t) ∼ N (0, σ2) is the AWGN noise with the noise

power σ2. Since the local carrier signal is embedded in the

received signal, the non-linear operation y(t) = |r(t)|2 down-

converts the passband signal to the baseband signal. We note

that the above down-conversion does not require any local

carrier generation, carrier phase recovery and carrier frequency

correction at the receiver. The power spectral density (PSD)

of y(t) is given by [5], [9]

Gy(f) = 2Λc(f) ∗
{|H(f)|2Gs(f)

}︸ ︷︷ ︸
{1}

+
{|H(f)|2Gs(f)

} ∗ {|H(f)|2Gs(f)
}︸ ︷︷ ︸

{2}

+ Gn(f) ∗Gn(f)︸ ︷︷ ︸
{3}

+2Λc(f) ∗Gn(f)︸ ︷︷ ︸
{4}

+ 2{|H(f)|2Gs(f)} ∗Gn(f)︸ ︷︷ ︸
{5}

+ [DC, 2fc components]. (2)

where

Λc(f) �
A2|H(fc)|2

4
[δ(f − fc) + δ(f + fc)]

and Gs(f) and Gn(f) represent the PSDs of s(t) and n(t),
respectively. The useful OFDM signal component, i.e. the term

{1} of (2), is generated by mixing the local RF carrier with the

OFDM subcarriers. In order to separate the useful term {1}
from {2} in (4), the guard band Bg = NgΔf must satisfy

Bg ≥ Bx. (3)

Hence, the information in {1} can be easily recovered at the

receiver. Note that the terms {3}, {4} and {5} in (2) act as

noise and interference impairments. At the receiver, a low

pass filter (LPF) with a cutoff frequency Bg + Bx and a DC

component filter are used to remove the high frequency and

DC components before the sampling and the analog-to-digital

conversion (ADC). Then, the CP is removed from the OFDM

symbol and the FFT operation is performed after the serial-

to-parallel conversion. As shown in Fig. 1, the symbols from

last Nx OFDM subcarriers are used for decoding.
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B. Equivalent baseband model

The equivalent discrete baseband model of self-het OFDM

under multipath fading channels can be written as [5]

Yk = AHc
∗HkXk + Ẑk (4)

where Hc, Hk, Yk and Ẑk are the equivalent channel response

at the local RF carrier, the equivalent channel response at the

k-th OFDM subcarrier, the received information symbol at the

k-th OFDM subcarrier and the equivalent noise component

contributed by the terms {3}, {4}, {5} in (2), respectively.

In moderate and high SNR regions, the noise term {3} in

(2) insignificant, when compared to the terms {4} and {5}.

Hence, the equivalent noise power of the k-th carrier can give

be approximated by

σ2
Ẑk

= σ2A2

(
|Hc|2 + λ(k)

ηNx

)
(5)

where

λ(k) =
2Nx

Nx +Ng
(Ng +Nx − k)

and η denotes the local RF carrier-to-signal power ratio [5].

At the receiver, all channel coefficients can be estimated

if a known transmitter symbol pattern (i.e. OFDM training

sequence) is transmitted. Hence, the standard channel equal-

ization techniques can be used at the receiver to compensate

the frequency selective channel effects.

C. The unbalanced SINRs over OFDM subcarriers

Let γk be the instantaneous SINR of the k-th OFDM

subcarrier. From (4) and (5), γk can be given as

γk =
ηNx|Hc|2|Hk|2γ̄
ηNx|Hc|2 + λ(k)

(6)

where k = Ng+1, ..., N and γ̄ = E[|Xk|2]/σ2. If we assume

that the channel is Rayleigh fading (i.e. Hc, Hk ∼ NC(0, 1)),
the expectation of γk over channel γ̄k, Hc and Hk, can be

derived as

γ̄k = γ̄

{
1 +

λ(k)

ηNx
exp

(
λ(k)

ηNx

)
Ei

[
−λ(k)

ηNx

]}
(7)

where Ei [·] is the exponential integral and it is defined as

Ei [z] � − ∫∞

z
exp (−t)/t dt. Fig. 2 shows γ̄k at γ̄ = 10, 15

and 20 dBs. We observe that the average SINRs increase, as

k increases. This unbalanced SINR scenario motivates us to

use the subcarrier pairing, which is described in the following

Section.

III. PAIRING OF SELF-HET OFDM

In this section, we present a subcarrier pairing scheme

to improve the overall bit error rate (BER) performance of

self-het OFDM communications. Since unbalanced SINRs

appear in self-het OFDM, the system performance can be

improved by using subcarrier pairing. The pairing scheme

groups good OFDM subcarriers, with high SINRs, and bad

OFDM subcarriers, with low SINRs. Hence, to improve the

overall performance, the self-het OFDM subcarriers located

� ��� ��� ��� ��� ���

�

�

��

��
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�
��
�
�
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Fig. 2. The variation of average SINRs of subcarriers in self-het OFDM for
γ̄ = 10, 15, and 20dBs. N = 512, Nx = 256, and η = 1.

far from the local RF carrier can be paired with those located

close to the local RF carrier.

Let Φ = {(ai, bi), i = 1, ..., Nx/2} be the set of M-QAM

information symbol pairs transmitted over an OFDM symbol.

Each information symbol in the pair (ai, bi) is first multiplied

by an exp (jθi) (i.e. θi is the rotation angle for the i-th pair) to

generate two pre-coded symbols. Subsequently, IQ component

interleaving is used over two precoded symbols as [7]

X̂pi
= �{ai exp (jθi)}+ j�{bi exp (jθi)}

X̂qi = �{ai exp (jθi)}+ j�{bi exp (jθi)} (8)

to generate the coded symbol pairs Ψ = {(X̂pi
, X̂qi), i =

1, ..., Nx/2}.

It is shown in [6] how the θi s affect the overall BER of

the communication system. Furthermore, the optimum rotation

angle θi
opt depends on the SINR ratio of the OFDM subcarriers

that are used to carry (X̂pi
, X̂qi). Let γpi

and γqi be the

instantaneous SINRs of OFDM subcarriers, which are used

to transmit X̂pi
and X̂qi , respectively. The condition number

βi is then defined as [6]

βi �

√
γqi
γpi

. (9)

The optimal θk
opt are given in [6] by

θi
opt =

⎧⎨
⎩π/4 βi ≤

√
3

tan−1
{
−
√

(βi
2−1)2−βi

2

+ (βi
2−1)

}
βi >

√
3.

(10)

For i = 1, ..., Nx/2, the θi
opt are computed and used to gen-

erate the corresponding coded symbol pairs at the transmitter.

If there is perfect CSIT, the instantaneous SINR (γk) is

known for each subcarrier. Two optimizations can be per-

formed: (i) selection of the best possible pairing, and (ii)

computation of θi
opt from (9) and (10) of each pair for

each channel realization. Let Γ � [γNg+1, ..., γN ] be the

instantaneous SINRs estimated from (6) for all subcarriers.

Then Γ can be sorted in an ascending order and let I �
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[
1, ..., 
Nx
] be the index set of the sorted vector. As shown in

Fig. 3, at each channel realization, pairing can be performed as

[(
1, 
Nx
), (
2, 
Nx−1), ..., (
Nx/2−1, 
Nx/2)]. At the receiver,

I and the selection of correct pairs can be found accordingly.

If there is no CSIT, (i.e., no γk), then γ̄k can be used at

the transmitter. Hence, for a given OFDM subcarrier pair,

the condition number βi can be estimated by substituting

the corresponding average SINRs obtained from (7) into (9)

and θi
opt can be obtained by (10). Since we pair good and

bad subcarriers together, the pair (X̂pi
, X̂qi) is mapped to

(XNg+i, XN−i+1), where i = 1, ..., Nx/2.

As shown in Fig. 1, demapping the pairs and component

deinterleaving are used at the receiver. Then MLD is used to

decode the information symbols.

For simplicity of notation, we consider the case with no

CSIT. Note that the same technique can be applied to the case

with perfect CSIT. Let Ĥpi
, where Ĥpi

� H∗
cHNg+i, and Ĥqi ,

where Ĥqi � H∗
cHN−i+1, be the equivalent channel responses

of the (Ng + i)-th and (N − i + 1)-th OFDM subcarriers,

respectively. From (4), the received symbols of (Ng + i)-th
and (N − i+ 1)-th OFDM subcarriers can be written as

Ŷpi
= AHpi

X̂pi
+ Ẑpi

Ŷqi = AHqiX̂qi + Ẑqi .
(11)

Then the received information symbols are multiplied by

the complex conjugate of corresponding equivalent channel

response as

H∗
pi
Ŷpi

= A|Hpi
|2X̂pi

+H∗
pi
Ẑpi

H∗
qi Ŷqi = A|Hqi |2X̂qi +H∗

qiẐqi .
(12)

and the MLD is performed to find the decoded information

symbols in i-th pair as

âi = argmin
X∈X

{
|�{H∗

pi
Ŷpi}−A|Hpi

|2�{X exp (jθi)}|
2

+|�{H∗

qi
Ŷqi}−A|Hqi

|2�{X exp (jθi)}|
2

}

b̂i = argmin
X∈X

{
|�{H∗

pi
Ŷpi}−A|Hpi

|2�{X exp (jθi)}|
2

+|�{H∗

qi
Ŷqi}−A|Hqi

|2�{X exp (jθi)}|
2

} (13)

where X is a QAM constellation.

IV. SIMULATION RESULTS

In this section, we compare self-het OFDM enhanced by

pairing (Enhanced self-het OFDM) to the standard self-het

TABLE I
SIMULATION PARAMETERS

Parameter value

IFFT/FFT size (N ) 512

Sampling time (Ts) 1 μs

Carrier to subcarrier power ratio (η) 0.6

Used & omitted subcarrier (Nx, Ng) (256, 256)

Channel maximum delay 64 Ts

Cyclic prefix(Δ) (64 + 1)Ts

Channel model Multipath fading, AWGN

Modulation 4-QAM
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Fig. 4. BER performance improvements of enhanced self-het OFDM for
both AWGN and Rayleigh fading channels. 4-QAM signalling. The theoretical
BER expression of standard self-het OFDM is given in [5].

OFDM. In both the cases, we incorporate the smart carrier

positioning technique proposed in [5], which is essential to

provide the good performance over multipath fading channels.

A summary of key simulation parameters is given in Table I.

Fig. 4 shows the BER performance of enhanced self-het

OFDM in both Rayleigh fading and AWGN channel models.

In Rayleigh fading, the enhanced self-het OFDM improves

the BER performance by approximately 2.5dB at BER of

10−3, when no CSI information available at the transmitter.

We observe that the diversity order has also improved in

the proposed pairing scheme. In the case of perfect CSI

available at the transmitter, the enhanced self-het OFDM

improves the diversity order significantly (see Fig. 4) and

the BER is within 3dB at 10−3 from the corresponding BER

over AWGN channels. In AWGN channels, enhanced self-het

OFDM scheme offers approximately 0.6dB gain at BER of

10−3. We note that the diversity slopes are non-integer, since

the equivalent fading coefficients are not Rayleigh distributed,

being the product of two complex Gaussian variables (see (4)).

Fig. 5 compares the BER performance of enhanced self-

het OFDM with conventional OFDM schemes with super-

heterodyne transceiver structures. We note that the phase noise

generated at the transmitter is insignificant, compared to the

one generated at the receiver. We adopt the OFDM phase
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Fig. 5. BER performance of enhanced self-het OFDM and conventional
OFDM schemes (superheterodyne transceiver structures) in the presence of
phase noise at the reciever. βN/R = 0 corresponds to no phase noise at the
receiver.
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Fig. 6. SNRs, at which the systems can achieve BER of 10−2 as a function
of η.

noise model proposed in [11] to simulate the phase noise at

the receiver. In the presence of phase noise, the BER perfor-

mance of conventional OFDM schemes (with superheterodyne

transceiver structures) reaches an error floor depending upon

the level of oscillator instabilities at the receiver. This level of

oscillator instabilities is measured by the phase-noise linewidth

β, i.e., frequency spacing between 3dB points of its Lorentzian

power spectral density function [11]. The simulation results

are presented for Nβ/R = 10−3 and 10−2, where R is

the sampling rate. As shown in Fig. 5, in the presence of

high phase noise, self-het OFDM scheme outperforms con-

ventional OFDM schemes with superheterodyne structures at

high SNRs, since it does not present an error floor.

Fig. 6 compares the SNRs, at which the systems can achieve

BER of 10−2 as a function of η (local RF carrier-to-signal

power ratio) for Rayleigh fading channels. As the results

indicate, the 2dB SNR gain is consistent for η ∈ (0.4, 1),
and η ∈ (0.5, 0.8) gives the optimum BER performance for

both standard and enhanced self-het OFDMs.

V. CONCLUSION

In this paper, we propose a pairing scheme for self-het

OFDM, which improves overall BER performance at very

low complexity. At the transmitter, the information symbols

are paired and precoded using a constellation rotation and a

component interleaver before mapping into OFDM subcarriers

with different SINRs. At the receiver, a simple joint MLD

can be used for each pair of symbols. For multipath fading

channels, if CSIT is available, pairing can be done base on the

instantaneous SINRs of the OFDM subcarriers. Without CSIT,

pairing is based on the average SINRs at the subcarriers. In

both cases, the proposed pairing scheme improves the diversity

orders as well as the overall BER performance. Specifically,

when there is CSIT, pairing can improve the diversity order

significantly and the BER performance is within 3dB at 10−3

from the corresponding BER over AWGN channels. Finally,

by simulations, we show that self-het OFDM outperforms the

conventional OFDM schemes with superheterodyne receivers

in the presence of phase noise.
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