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Abstract—Self-heterodyne OFDM (self-het OFDM) is a
promising physical layer technique for millimeter-wave and
terahertz RF communication due to its simple RF frontend and
complete immunity against frequency-offset and phase noise.
In this paper, we proposed a multiple-input multiple-output
(MIMO) self-het OFDM with the adaption of smart carrier
position (SCP) technique. At the transmitter, a space-time block
code (STBC) is used to produce the coded information symbols
to be transmitted on each antenna over the self-het OFDM
subcarriers. At the receiver, a simple non-linear detection is
adopted at each receive antenna. The achievable diversity order
of such setting is analysed, and it is found that with the
adaptation of SCP technique, the diversity loss in comparison to
the conventional coherent MIMO-OFDM can be compensated.
We further derive analytically both lower and upper bounds on
the diversity order of the proposed scheme and simulations will
be shown to illustrate the performance of such combination.

Index Terms—Alamouti code, Golden code, MIMO, OFDM,
self-heterodyne, non-coherent detection, direct detection,
millimeter-wave, Terahertz RF.

I. INTRODUCTION

High speed indoor multimedia networking has driven a
growing research interest in millimeter-wave and terahertz
RF communications thanks to the availability of large chunks
of free spectrum. However, coherent demodulation front-end
components, such as carrier phase recovery phase lock loop
circuits and oscillators, are complex and highly sensitive [1],
[2]. In particular, these RF components generate high phase
noise at the receiver and advanced frequency stabilization
techniques are needed to control it at the expense of high
receiver complexity [3].

An alternative approach is to use direct detection (DD)
techniques, based on zero bias (ZB) Schottky barrier diodes
[4] and micromachined millimeter-wave integrated circuits
(MMIC) [5], [6]. These devices are equipped with near ideal
“square law” characteristics, where the output electrical signal
is directly proportional to the squared received RF signal mag-
nitude. Moreover, these semiconductor devices have excellent
phase noise performance and can replace complex frequency
stabilization techniques at the receiver.

The self-heterodyne (self-het) down-conversion technique
[3] together with the DD technique can provide simple and
stable RF receivers for millimeter-wave and terahertz RF
frequencies. Self-het down-conversion was originally proposed
to combat phase noise in 60GHz RF bands. Later in [7], it
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was shown experimentally that this technique can be used
in conjunction with OFDM (i.e. self-het OFDM), where the
sensitivity to phase noise is critical in choosing the subcarrier
spacing. In self-het OFDM, the transmitter sends jointly the
RF carrier and the OFDM subcarriers separated by a guard
band. The insertion of the guard band reduces the bandwidth
efficiency of self-het OFDM by 50% [18]. At the receiver,
a self-mixing square-law device (e.g. ZB Schottky diode
detector circuit) is used to down-convert the RF signal without
the need of a local carrier, carrier phase recovery, and carrier
frequency correction. The role of the guard band is to avoid
self mixing interference produced by the nonlinear device.
Since the transmitter can ensure the local carrier phase is
synchronized with the OFDM subcarriers, the self-het OFDM
down-conversion is simple, stable, and immune to phase
noise. In [8], it was experimentally demonstrated that MMIC
with multiple passive detectors can significantly increase the
receiver sensitivity. Since then, there has been a number of
recent research developments on self-het OFDM, as shown in
[91, [10], [111], [12], [13].

Early study on channel characteristics of millimeter-wave
RF channels suggests that these channels can be frequency
selective in both line-of-sight (LOS) and non-LOS conditions
[14], [15]. This is mainly due to the reflective nature of
millimeter wave RF signals [16], [17]. In [18], we analyze self-
het OFDM for a SISO frequency selective channel. A pairing
scheme is then presented in [19] to exploit the unbalance
in signal-to-interference plus noise ratios (SINRs) naturally
occurring in the subcarriers of a self-het OFDM.

In this paper, we extend our previous study on SISO self-
het OFDM [18] to a MIMO setting. For MIMO millimeter-
wave communications, it was suggested in [20], [21] that
directional antennas are needed to compensate for the path
loss and enhance receive power for such small wavelengths.
Such a setting results in a sparse multipath channel. It was also
pointed out in [20], [21] that it is possible to obtain a high
rank MIMO channel by using multiple antennas spaced several
wavelengths apart. On one hand, to combat multipath effect,
conventional OFDM techniques can be used, where each
subcarrier is assumed to experience an independent fading that
can be modeled as i.i.d. complex Gaussian random variables.
On the other hand, better performance of MIMO millimeter-
wave communications can be obtained by using space-time
coding technique, as demonstrated in [20]. In this paper, we
consider a space-time block coded (STBC) MIMO self-het
OFDM ! to achieve good performance by mitigating multipath
effects and high-levels oscillator instabilities with an extremely
low complexity RF front end. The specific contributions of our

IThis is also known as space-frequency block coded MIMO, which is
performed across OFDM tones to obtain MIMO space and frequency diversity
[22].
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paper are:

o We consider the well-known Alamouti code [23] and the
Golden code [25], respectively, as the STBC schemes.
As an approximate measure of quality, we analyze the
diversity order of STBC MIMO self-het OFDM and find
there is a diversity loss, when compared to the traditional
STBC MIMO-OFDM. This is due to the use of a common
RF carrier from each transmit antenna in MIMO self-het
OFDM. Specifically, the STBC MIMO self-het OFDM
experiences a doubly faded channel, where one fade is
due to multipath and the other is incurred by the RF
carrier in each link between TX/RX antenna pairs.

o To compensate this loss, we modify the smart carrier
positioning (SCP) technique, originally proposed in [18]
for the SISO case. In the SISO case, the carrier was
positioned in an OFDM subchannel with the highest
gain to improve the bit error rate (BER) of the system.
In the MIMO case, a common carrier is placed in a
subcarrier position that jointly maximizes the overall
MIMO channel gain and optimizes the diversity order.
Under such a setting, we analyze the achievable diversity
gain of the proposed SCP scheme. We first derive both
upper and lower bounds on the diversity gain. We then
show analytically and by simulation that the SCP STBC
MIMO self-het OFDM can increase the diversity gain.

The paper is organized as follows. In Section II, we intro-
duce the system model for MIMO self-het OFDM. In Section
III, we consider two STBCs (Alamouti code and the Golden
code) for MIMO self-het OFDM and we prove there is a
diversity loss in such a system. In Section III, we present the
SCP technique to compensate this diversity loss and we prove
theoretically that SCP can improve diversity order by at least
one. In Section V, we show the simulation results. Finally, we
draw the conclusions in Section VI.

Throughout this paper, we adopt the following notation:
R{-} denotes the real component of a complex number,
7 denotes the imaginary unit, % represents the convolution
operation, |a| represents the absolute value of a, A represents
the Hermitian matrix of A, CM*¥" represents an M x N
complex matrix, E[x] represents the expectation of a random
variable z, fx (z) denotes the probability distribution function
of random variable X, £ () represents the Laplace transform
of x, K, (-) denotes the v-th order of modified Bessel function
of second kind, Ei (z) is the exponential integral and defined
by

Ei(z) £ —/OO exp (—t)/tdt,

and Q(x) is the Gaussian tail function, defined by

Qzx) 2 % /00 exp (—u?/2) du

II. SYSTEM MODEL
A. MIMO Self-het OFDM

A block diagram of a typical MIMO self-het OFDM com-
munications system is shown in Fig. 1, where H is the MIMO

channel frequency responses matrix, /Ny is the number of
transmit antennas, [N, is the number of receive antennas, f,. is
RF carrier frequency, A f is OFDM subcarrier spacing, N is
the number of OFDM subcarriers used to encode information
at each transmit antenna, N, is the number of subcarriers
omitted in each self-het OFDM transmitter, N (N = N+ Ny)
is the size of IFFT/FFT, B, is the frequency gap between the
RF carrier and the first OFDM subcarrier, and B is the useful
OFDM subcarrier bandwidth.

At the transmitter, the information is encoded by a space-
time encoder to generate the codeword matrix. Let X[k] =
{Xmnlk]} € CNe*T be the codeword matrix transmitted
using V; transmit antennas in the k-th OFDM subcarrier over
T channel uses, where m = 1,....Ny;, n = 1,...,7T, and
k =1,...,Ns. This coded symbol matrix is then fed column
by column into Ny parallel self-het OFDM transmitters that
use only the last Ny OFDM subcarriers for the transmission,
while the remaining N, OFDM subcarriers are set to zero (see
Fig. 1). In each self-het OFDM transmitter by using an IFFT,
the discrete time-domain OFDM symbol is generated as

N,
st () = %{Zan[k]ej%r(BﬁkAf)t} 0
k=1

where B, = N,Af. The parallel-to-serial (PS) conversion,
the addition of cyclic prefix (CP), and the digital-to-analog
(DA) conversion are performed to generate the continuous
time-domain OFDM symbol. Then, the RF signal z{ (t) is
generated by adding a RF carrier signal to st (t) with a
frequency gap B, between the carrier and the first OFDM

subcarrier?, i.e.,
() = [A+ s (t)] cos (27 fot). )

The up-converted OFDM symbols i (t) are then transmitted
over a MIMO channel using NV, transmit antennas. Let w,(«") (1),
h) (1), 2 (t) be the received signal at the r-th receive
antenna (r = 1,..., N,.), the channel impulse response from
the m-th transmitter to the r-th receive antenna and the noise
component at the r-th receive antenna, respectively. Then

w!™ (t) can be written as

wi™ (8) = hG)(E) * 2GD (1) + 2 (). 3)

We assume the zero-mean white Gaussian noise z{™ (t) with
variance o2 is added before the non-linear down-conversion,
and it is AWGN, i.e., (z,(n) (t) ~ N(0, 02)), where o2 denotes
the noise power.

At the receiver, signal detection is performed using a non-
linear devices at each receiver producing the output |w£n) )%,
in order to down-convert the passband signal to the baseband
signal. Since the local carrier signal is embedded in the
received signal, the above down-conversion does not require
any local carrier generation, carrier phase recovery, and car-
rier frequency correction [18]. This down-conversion is more
stable and simpler than that of conventional super-heterodyne
down-conversion [3]. The down-converted signals are then

2This can equivalently be realized by inserting in the first OFDM subcarrier,
a DC component A, as shown in Fig. 1.
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Fig. 1. MIMO self-Het OFDM.

passed through low pass filters (LPF), with a cutoff frequency
By + By, and DC filters (DCF) to remove the high frequency
signals and the residual DC components generated during
the non-linear down-conversion. After the analog-to-digital
conversion (ADC), the CP is removed, serial-to-parallel (SP)
conversion is performed, and FFT recovers the transmitted
symbols. As shown in [18], the condition B, > B, is required
in order to restrict the dominant inter-modulation product,
generated by the non-linear down-conversion, occurring in the
first N, OFDM subcarriers. Hence, the first V; OFDM subcar-
riers are ignored, since they contain only the intermodulation
products, as shown in Fig. 1. The next N, OFDM subcarriers
that contain the transmitted symbols are forwarded to the
space-time decoder to extract the transmitted information.

The discrete equivalent baseband model for a SISO channel,
given in [18], can be extended to the MIMO case. For
simplicity, in the following, we drop the index k, since we
only consider one OFDM subcarrier at a time. For an arbitrary
OFDM subcarrier, we have

Y = HHX + Z %)

where Y £ {Y,,} ¢ CV*T H £ {H,,,} € CN-xNe,
Z 2 {Z.,} € CN<T represent the received symbol ma-
trix, the frequency response of the MIMO channel, and the
equivalent noise/interference component after the non-linear
down-conversion, respectively. In (4), the diagonal matrix
H. £ diag{zrj:fb‘:1 H,(f,)b} with H'%) represents the channel
frequency response evaluated at the carrier frequency from the
m-th transmit antenna to the r-th receive antenna. In moderate
and high SNR regions, from equation (17) in Section III-B
of [18], the noise variance for the subcarrier k at receiver r
averaged over the channel realization H, but conditioned on
the carrier frequency response He, is approximately given by

N, 2N (k)
o = o (‘ZM HO| 4 W) )

UNE
where 7 denotes the RF carrier-to-signal power ratio [18], k =

17"'7Ns’71:17"'7Nr3and

N, N,
N 2(Ns — k) S
Ar(k) = UZWE ZZHT(%Q] (6)
9 s k=1m=1
Since
N. N
E> > IHTS’S%IQ] = N,N, 7
k=1m=1

and we assume N, = N, we have

2 2 Ny c
2 = o (’Zr_lﬂf-»%

This shows that every subcarrier has a different signal-to-noise
plus interference ratio (SINR).

2
N,
+ N, (Ns — k)) ®)

III. STBC MIMO SELEF-HET OFDM

In this Section, we will consider two types of space-time
block codes for 2 x 2 MIMO self-het OFDM: (i) Alamouti
code [23], and (i) the Golden code [25]. For simplicity, we still
drop the OFDM subcarrier index k& = 1, ..., N,. It was pointed
out in [20], [21], that by using multiple directional antennas
spaced several wavelengths apart, the MIMO channels can be
assumed to be independent. Since the multiplath component
channels can be equalised by the OFDM technique, we assume
that the channel response coefficients for each subcarrier are
i.i.d. complex Gaussian with zero mean and unit variance (also
known as Rayleigh fading), i.e., Hﬁf,)“ H,,, ~ N(O, 1), where
r=1,2,and m=1,2.

A. Alamouti code [23]

Let S = [S1,5:)7 be the uncoded M-QAM information
symbol vector to be transmitted over two consecutive OFDM
symbols in the k-th OFDM subcarrier and the energy of each
symbol is denoted by E,. The Alamouti encoder generates the
following codeword matrix [23]:

_ 5 =53
e

0018-9545 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TVT.2015.2411277, |IEEE Transactions on Vehicular Technology

Leta. 2 H'9 + H'S and 8. 2 HY + HL). Using Alamouti
pre-processing [23] and from (4), we have

Yi| [azHy  oiHp Zn
Yor| _ |BeHa  BiHn | [S1] | Za (10)
Y1*2 acHik2 _acHikl ‘92 Zikz
Yoo BeH3y  —BcH3y 7,
N N——
=Y 2 Hy £ 7
Let H;fq be the pseudo-inverse of H.y, and
S H\"1rH
HZ‘-] - (Heq Heq ) Heq
1
= 1Hq (11
where 9 9
A £ |ac|2 <Z H17712> + |,8(;|2 <Z |H2m|2> . (12)
m=1 m=1
2 A B

At the receiver, zero forcing (ZF) equalizer or maximum like-
lihood detection (MLD) can be used to recover the information
symbols by considering the quY vector.

It is known that conventional MIMO-OFDM schemes using
Alamouti code achieves diversity order of 4 in 2 x 2 MIMO
systems [24]. However, in the following, we prove that MIMO
self-het OFDM using Alamouti code only provides diversity
2.

Proposition 1: The achievable diversity order of 2 x 2
Alamouti coded MIMO self-het OFDM is 2 for MIMO chan-
nels.

Proof: See Appendix A. [ |

We note that this diversity loss is due to the fact that the
use of RF carrier undergoes independent fading from the same
OFDM subchannel of the two incoming links at each receive
antenna. Specifically, we can observe that the channel matrix
in (10) is different from that of conventional Alamouti coded
MIMO-OFDM schemes, where a. = 1 and 5. = 1. From
(12) we observe that the carrier fading terms multiply the
standard MIMO channel fading terms, resulting in a doubly
faded channel, as we will analyze in the following section.

B. The Golden code [25]

The Golden code is an optimal full-rate full-diversity STBC
code for a coherent 2 x 2 MIMO channel, which has non-
vanishing determinant property [25] and achieves the diversity-
multiplexing frontier [26]. Let S = [S1, 52, S3,54]7 be the
uncoded M-QAM information symbol vector to be transmitted
over two consecutive OFDM symbols in the k-th OFDM
subcarrier. The algebraic construction yields codewords of the
Golden code of the form [25]

- 1 Oé(Sl -+ 952)
5 [jo(a) (93 4 0(6)S5s)

where 0 = (1 ++/5)/2, 0(f) =1 -0, a = 1 + jo(6) and
o(a) =1+ j0. Let G be the generator matrix for the Golden
code, i.e. X = GS, and the G matrix is given in [25]. At the

a(Ss + 0S,)

o()(Sy + o(8)S5) | 1P

receiver, MLD is performed to decode the original information
symbols as

S = argmin |Y — H:HGS]||? (14)
s

where S is the estimated received symbol vector in the k-
th OFDM subcarrier. Since the complexity of MLD grows
exponentially with higher order signal constellations, sphere-
decoder based MLD [27] can be used to achieve the best
performance with reduced decoding complexity.

We remark that fast decodable STBC codes, e.g. silver code
[29], [30], can be also implemented in MIMO, similarly to the
Golden code.

IV. SELF-HET MIMO ENHANCEMENTS
A. SCP technique

In Proposition 1 we show that STBC encoded MIMO
self-het OFDM cannot exploit the full diversity gain. More
specifically, it was shown in Appendix A that the diversity
order of a communication system is directly related to the
instantaneous SINR (v) distribution of the OFDM subcarriers.
The distribution of ~ is determined by the behavior around
zero of the distribution of the random variable A defined in
(12). Hence, the diversity order of Alamouti coded MIMO
self-het OFDM systems can be improved by optimizing the
distribution of A. We therefore consider the smart carrier
positioning (SCP) technique, originally proposed in [18] for
the SISO case. Different from the SISO case, where the
carrier was positioned in an OFDM subchannel with the
highest gain, in MIMO case, the carrier will be placed in a
subcarrier that maximizes jointly the MIMO channel gain and
optimizes the diversity order, which is a standard measure of
the performance of STBC [23], [28], [30]. The details on the
proposed SCP for MIMO self-het OFDM is given below.

At the transmitter, the SCP places the RF carrier in either the
lower or the upper band with respect to the OFDM subcarriers
(see Fig. 2(a) and Fig. 2(b)). If the RF carrier is placed in the
higher band, the information subcarriers can be transmitted
in the lower band, and the transmitted OFDM symbols are
X7,.|k], instead of X,,,[k]. After the non-linear detection
both subcarrier placements give the same result.

Let P be the total number of possible carrier positions
(equally spaced by Af), where | € {1,..,P/2,N — P/2 —
1,..N} is the RF carrier position. Let us define

of) £ HY + H) and 50 £ HY) 4 HY, (15
where HT(QI is the channel frequency response from the m-th
transmit antenna to the r-th receive antenna at the [-th potential
RF carrier position. If the channel length is considerably
larger than the OFDM symbol duration, for a given OFDM
symbol transmission, we assume that H,,, for rrm = 1,2
are independent random variables from ag) and ﬂél). Since
E[|Hym|?] = 1, where 7,m = 1,2, the expectation of A over
k can be approximated as

E[A] ~ 2 (jaF +|80?)
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Fig. 2. SCP technique in STBC encoded MIMO self-het OFDM.
Fig. 3. BER performance of 2 x 2 MIMO self-het OFDM using the Alamouti

code and SCP technique (no phase noise).

for a given [-th RF carrier position. As shown in Fig. 2, if the
MIMO channel is known, we can select the optimum carrier

position by —o— Std MIMO self-het OFDM| |
—=— E. MIMO self-het (P=2)
[* = argmax {(\ag) %+ \5£l)|2>} , (16) E. MIMO self-het (P=3)
el 2 —#— E. MIMO self-het (P=4)
};"' 2 —*&— MIMO OFDM(Super-het)
N-£ . N}

where [* denotes the optimum carrier position. For a general
STBC MIMO-self-het OFDM, this optimization given in (16)
can be extended as

2

} . 17

N
[* = argmax

leﬁ,...g, {ZT_l

N-£.. N}
After choosing the best [* in (16), we let p = [*, if the carrier
is positioned on the left handside, or p = N 4+ 1 —1[*, if on the
right handside. Then we have By = B, = Af(N +1—p)/2,
where p € {1,2,3,..., P/2}. We will show in Section V that 0 5
the SCP technique for the MIMO case requires very limited

number of feedback information, i.e., a few information bits
to encode the index [*. Fig. 4. BER performance of 2 x 2 MIMO self-het OFDM using the Golden
code and SCP technique (no phase noise).
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B. Diversity order of SCP STBC MIMO Self-Het OFDM

The diversity order of an STBC measures the reliability of
the N; x N, MIMO communication system. We say the STBC
has full diversity when the order is equal to Ny - N,.. In this In this section, we simulate the BER performance of 2 x 2
subsection, we analyze the diversity order of 2 x 2 Alamouti MIMO self-het OFDM. We adopt the following simulation
coded MIMO self-het OFDM using SCP (P = 2) over MIMO  parameters: N = 256, Ny = Ny = 128, ) = 0.6, sampling
channels and we have the following propositions. time 75 = 1lps, the maximum channel delay 64 T, the

Proposition 2: The lower bound on the diversity order of length of CP of (64+1)T, and QPSK signalling. With QPSK
2 x 2 Alamouti coded MIMO self-het OFDM using SCP is 3. signalling, since half of OFDM subcarriers are unused in self-

Proof: see Appendix B. m het OFDM, the spectral efficiency of self-het OFDM is 50% of

Proposition 3: The upper bound on the diversity order of that achieved by the conventional OFDM scheme using super-

2 x 2 Alamouti coded MIMO self-het OFDM using SCP is 4. heterodyne structure. For comparison, we use BPSK signaling
Proof: see Appendix C. m in conventional MIMO OFDM in order to have the same

We conclude that the actual diversity order of MIMO self-  spectral efficiency.
het OFDM is between 3 and 4. Due to the doubly fading Fig. 3 compares the BER performance of standard MIMO
effects the order is not necessarily an integer value. self-het OFDM and enhanced MIMO self-het OFDM using

V. SIMULATION RESULTS
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Fig. 5. BER performance comparison of Alamouti coded MIMO self-het
OFDM with SCP (P = 4) and Alamouti coded MIMO-OFDM with super-
heterodyne in the presence of phase noise (R = 2.133 x 107).

SCP technique. Both of the systems are encoded with an
Alamouti code. In this simulation, we assume no phase noise
at the receiver. In contrast to standard MIMO self-het OFDM,
the enhanced scheme provides approximately 2.7dB and 3.5dB
gains at BER of 1072 with P = 2 and P = 4, respectively.
For P < N, the SCP technique consumes a negligible amount
of extra bandwidth. We also observe that P = 4 is a good
compromise, since the gain saturates for P > 4, and the rate
loss at P = 4 is negligible. As shown in Proposition 1, the
diversity order of standard Alamouti coded MIMO self-het
OFDM is 2, which is half of that in a conventional Alamouti
coded MIMO-OFDM. As discussed in Propositions 2 and
3, the diversity order of enhanced MIMO self-het OFDM
using Alamouti code is between 3 and 4. In Fig. 3, the
simulation results agrees with this analytical result. Further-
more, compared to Alamouti coded MIMO-OFDM with super-
heterodyne structures, the enhanced Alamouti coded MIMO
self-het OFDM has approximately 7.4dB performance loss
at BER of 1073. The performance loss is due to the fact
that approximately half of transmitted power is spent for
the transmission of the RF carrier, as well as 50% rate loss
required to enable the non-linear detection. Nevertheless, we
remark that MIMO self-het OFDM has the advantage of using
an extremely low complexity RF frontend as well as phase
noise immunity, which is not available in conventional OFDM
with super-heterodyne structures.

Fig. 4 compares the BER performance of a standard 2 x 2
MIMO self-het OFDM and the enhanced 2 x 2 MIMO self-het
OFDM. In this simulation, we assume no phase noise at the
receiver and both systems are encoded by the Golden code.
We see the enhanced scheme provides 2.5dB and 3.3dB gains
at BER of 1073 for P = 2 and P = 4 compared to the
standard one, respectively. A diversity gain similar to that of
the Alamouti code (from 2 to 3) is observed when using the
Golden code. We note that the coded enhanced scheme is
approximately 9.7dB worse than MIMO-OFDM with super-

heterodyne structures at BER of 1073 [18].

Fig. 5 compares the BER performance of Alamouti coded
MIMO self-het OFDM with SCP (P = 4) and Alamouti coded
MIMO-OFDM with super-heterodyne in the presence of phase
noise. Here, we adopted the OFDM phase noise model used in
[31] to simulate the phase noise at the receiver only. We ignore
the phase noise generated at the transmitter, since it is compar-
atively insignificant compared to the receiver phase noise and
common for both OFDMs. The level of oscillator instabilities
is measured by the phase-noise linewidth 3, and the simulation
results are presented for N3/R = 0 (no phase noise), 0.05,
and 0.1, where R = 2.133 x 107 is the sampling rate. We see
that, for example, when NG/R = 0.1, we have 5 ~ 8KHz.
This demonstrates that, when the phase-noise linewidth 5 is
about 0.8% of the OFDM subcarrier spacing Af = 1MHz,
the conventional OFDM with super-heterodyne structure ex-
periences error floor due to the loss of orthogonality among
the subcarriers. For 60GHz, it was pointed out in [32] that,
assuming the same reference oscillator, 60GHz signals suffer
from phase noise that is 10 times greater when compared to
unlicensed wireless systems below 6GHz. This indicates that,
for 60GHz, using the same OFDM system as the above, the
phase-noise linewidth 3 is about 8% of the OFDM subcarrier
spacing and the conventional OFDM experiences an even
higher error floor, as illustrated in Fig. 5.

As shown in Fig. 5, for the Alamouti coded MIMO-OFDM
with super-heterodyne receiver structures, an error floor occurs
depending upon the level of oscillator instabilities at the
receiver. Hence, our scheme using SCP outperforms the Alam-
outi coded MIMO-OFDM with super-heterodyne structures at
high SNRs.

Similar behavior is observed for the Golden coded MIMO
self-het OFDM (see Fig. 6). Compared to Alamouti code, the
Golden code is more sensitive to the phase noise, and the
error floor occurs at lower SNRs. Hence, Golden coded MIMO
self-het OFDM outperforms the conventional MIMO-OFDM
at practical SNRs ranges (e.g. at SNR = 15dB when N3/R =
0.1 and N3/R =0.1).

Finally, we simulate our Alamouti and Golden coded self-
het OFDM with SCP (P=4) and conventional MIMO-OFDM
in Figs. 7 and 8, respectively, using the parameters from the
IEEE 802.11ad standard [35][36][37]. In both figures, we
adopt rate 1/2 LDPC as an outer code with parity check
matrix given in [37], and phase noise model in [36], i.e.,
the phase noise linewidth relative to subcarrier spacing is 0.3
(BN/R = 0.3). We use N = 512, N, = Ny = 256, 25%
cyclic prefix, Ts = 46ns, and 50 iterations of LDPC decoding.
We adopts QPSK and BPSK signalling for self-het OFDM
and conventional OFDM, respectively, to guarantee the same
spectral efficiency. We observe that, although the channel code
lowers the error floor of the conventional OFDM, the self-het
OFDM BER will cross over and will not present any flooring
effect.

VI. CONCLUSIONS

In this paper, we considered Alamouti and Golden coded
2x2 MIMO self-het OFDM with a simple non-linear detection
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Fig. 6. BER performance comparison of Golden coded MIMO self-het

OFDM with SCP (P = 4) and Golden coded MIMO-OFDM with super-
heterodyne in the presence of phase noise (R = 2.133 x 107).
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Fig. 7. BER performance comparison of Alamouti coded enhanced MIMO
self-het OFDM with SCP (P = 4) and Alamouti coded MIMO-OFDM with
common phase noise compensation, phase noise level (3N/R = 0.3), rate
1/2 LDPC as an outer code for both schemes.

at the receive antennas. For Alamouti code, we analytically
proved that there is a diversity loss, which can be com-
pensated by the proposed SCP technique. We then showed,
by simulations, that the SCP technique improves the BER
performance of 2 x 2 MIMO self-het OFDM with Alamouti
code and Golden code by 3.5dB and 3.3dB at BER of 1073,
respectively. We also showed that the proposed SCP STBC
MIMO self-het OFDM outperforms the conventional scheme
with superheterodyne receivers at high SNRs in the presence
of phase noise. Finally, we conclude that, the phase noise
immunity is essential for OFDM systems with small subcarrier
spacing, which are heavily degraded by large phase noise
found in mm-Wave receivers.
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Fig. 8. BER performance comparison of Golden coded enhanced MIMO

self-het OFDM with SCP (P = 4) and Golden coded MIMO-OFDM with
common phase noise compensation, phase noise level (3N/R = 0.3), rate
1/2 LDPC as an outer code for both schemes.

APPENDIX A
PROOF OF PROPOSITION 1

Consider a 2 x 2 MIMO self-het OFDM using an Alamouti
code over MIMO fading channels. From the equivalent model
in (10), we obtain

HIY = HIH.S+H[]Z
= AS+H[IZ (18)

where A is given in (12). Let Z 2 ng = [Z1,Z,)T and
S = [S1,S2]T. Without loss of generality, the instantaneous
SINR ~ associated with Sy, from (18), is given by

ASq)? FE
_ ‘ 5;1| —A 25
Pz 7
= Ay (19)
where o2 is given by (8) and 7 = E/0? is the average

SINR in the k-th OFDM subcarrier. For QPSII( signalling, the
error probability at the k-th OFDM subcarrier is given by

R = [T @ (V) o) d

Since there is no simple analytical expression for fj(z), it is
difficult to determine (20). In order to evaluate the asymptotic
behavior of P, (k), we use the fact that the diversity order of a
fading channel is determined by the behavior of fx(z) around
zero [33]. This is equivalent to the asymptotic behavior of the
Laplace transform of fa(z) at infinity [33], i.e., if

: _ 1.—d —(d+e)
lim £(fa) = bs -l—O(s )

(20)

2

then the diversity order is d for some positive constants b and
€.
A 2 A 2 A A
Le} V= ZmZI |H1m|2, Vo = ZmZI |H2,m|27 o = ‘acP
and 3 £ |B.|%. Since a.. and 3, are complex Gaussian random
variables, both & and ( follow an exponential distribution,
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ie. ~ exp(1/2). Since |H,,|*> ~ exp(l), then vy,vp ~

Erlang(2,1). The random variables v, and & are independent

since the RF carrier and the k-th OFDM subcarrier are

separated by a minimum of B,. The cdf of A; in (12) then
v

can be written as
— Jexp | —=é& | divy dé
—v1)€x «a | dvy da
2 ! 2 !
0

= 1—zK5 (\/ﬂ)

where K, (-) denotes the v-th order of modified Bessel func-
tion of second kind. Then, the pdf of x can be written as

d
fAl (iL’) = a
V2
= —FKy(v22) + Tm(Kl(\/Qx) + Kg(\/?,r)) .
Using the recursive property of the modified Bessel functions
(e. 2K,-1(2) — 2Kp41(2) = —2vK,(2)) [34], fa,(x) can
be further simplified to

x/&

~
=

P, (z)

o

(22)

Fy, () (23)

2
fa,(z) = gKl(\/ﬂ). (24)
The Laplace Transform of f, (z) is given by
25 + e Ei (— o
L(fa)(s) = ) (25)

452
where Ei(-) is the exponential integral and it is defined as
Ei(z) £ — [ exp (—t)/t dt. Similar expression to (25) can
be derived for fa,(z).

Since A; and A, are independent, the Laplace transform
of the pdf of A, £ (fa)(s), is given by the product of the
individual Laplace transforms, i.e.,

L(fa)(s) = far(s) X fa,(s)
1 1. 2
1, FE(E) | B3
452 453 16s%
1
= 57240 (5_(2+6+)) . (26)
Using the property in (21), we find that the diversity order is
2. ]
APPENDIX B

PROOF OF PROPOSITION 2

Considering an Alamouti code is used in this system, we
maximize the received RF carrier power at a single receive
antenna, i.e., maximizing |a.|? only. Then, the RF carrier is
positioned such that I* = argmax;c; x {|a£l)|2} and [* is
the new RF carrier location. This gives the lower bound of the
achievable diver51ty 1mpr0vement using the SCP technique.

Let a1 2 [afV2, an 2 a2, & 2 1ad7)2, and 1
an:l |H ffrz |2. Since the first and the N-th OFDM subcarriers
are located apart, it is reasonable to assume that those channels
undergo independent fading. Hence, the cdf of & is given as

2
e(—m)}

L

Fa() = Fa,(2) x Fay(e) = {1-

and the pdf is given as

fal) = S {Fae)y =2 {12

We note that the distribution of 1; remains unchanged
(i.e. 1 ~ Erlang(2,1)). Hence, similar to Appendix A, the
pdf of Ay is given by

fas(2) = V22K (V22) — 22K (2V/7). 27)
and its Laplace transform is given by
L) () =SB 2B g

252
Although the distribution A is altered, the distribution of A,
remains unchanged and its Laplace transform can be compute
similarly to (25). Then the Laplace transform of fx(z) can be
written as

=i (— L tEi(-L
L) = TEl) ) (29)
¥ Ei (~1)Bi(-%) e Bi(-%)°
B 454 8s4

since Ay and Ao are independent. As s — 0o, L£(fa) (s) can
¢ +log (2)

be expanded as
(fa) () = =52 + 0 (s76+9)

where ( is the Euler—Mascheroni constant and € > 0. Using
(21), we see that lower bound on the diversity order is 3. W

lim £
S— 00

(30)

APPENDIX C
PROOF OF PROPOSITION 3

Using an Alamouti code for enhanced 2 x 2 MIMO self-
het OFDM, we maximize the received RF carrier power for
both receive antennas independently, i.e. maximize both |a|?
and |B3.|? separately. Since the RF carrier locations at both
transmitter antennas should be the same, this maximization
is impossible. Instead, we analyze the upper bound of the
diversity order using the SCP technique. In this case, the pdfs
of both A; and A, are given in (27). Hence, the Laplace
transform of fa(x) for this particular case can be written as

L(fr) (s) = fa,(8) x fa,(s)
(estl (f—) — 2 Fi ( ))

= o . 6D
As s — 00, L(fa) (s) can be expand as
log (2

Using (21), the upper bound on the diversity order is 4. W
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