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Abstract: The future evolution of wireless networks, throughout the 5G era and beyond, will require
the expansion and augmentation of millimetre-wave systems for both terrestrial and satellite
communications. Photonic technologies offer a cost efficient and high bandwidth platform for
millimetre-wave carrier generation and distribution, but can introduce high levels of phase noise
through optical heterodyning, which is highly problematic for mobile signal waveforms. In this
work, a detailed analytical model of a hybrid photonic/mm-wave system is developed and discussed.
Through careful system design, the system is found to support both 5G compatible multi-carrier
(OFDM) and single carrier (APSK) modulation at 60 GHz. APSK is found to offer higher tolerance
mm-wave phase noise compared to OFDM, ultimately easing optical linewidth restrictions to
∼30 kHz. The model is extended to include a novel millimetre wave phase noise cancelling receiver,
which is shown to significantly alleviate these restrictions even further—enabling phase noise free
mm-wave operation for optical linewidths up to ∼2 MHz. Detailed analysis and discussion of this
extended system lead to the establishment of a theoretical relationship between the mm-wave receiver
design and the achievable system performance in terms of error vector magnitude (EVM). Excellent
matching of the predicted theoretical with simulated performances is shown.

Keywords: millimetre wave; optical heterodyne; beyond 5G; radio-over-fiber; satellite communications

1. Introduction

Today’s internet users are exposed to a constant stream of newly developed advanced mobile
applications. Unprecedented levels of device connectivity and the continual shift toward remote
working are driving the demand for cloud-based services such as high definition video streaming and
teleconferencing. As wireless communication systems evolve throughout the 5G era and beyond, they
will be required to support futuristic and extremely data-hungry services, such as virtual reality (VR)
and autonomous vehicles (AV). This incessant growth in required network capacity can only be catered
for by the enhancement of fixed and wireless networks through the adoption of new communication
techniques and technologies.

In recognition of the need for increased spectral usage, 5G new radio (NR) protocols have
identified frequencies up to 52.6 GHz for use in its FR2 frequency band [1]. This paves the way for
the introduction of millimetre-wave (mm-wave) communication technologies for high-speed mobile
data transfer. For terrestrial systems, mm-wave transmission ranges are relatively short, but the
expected proliferation of small cell antenna sites, and the ability to perform hybrid beam-forming of
the mm-wave signal will make its use viable for high throughput applications [2]. Satellite broadband
links already make use of mm-wave frequencies in the Ku (12–18 GHz) and Ka (26.5–40 GHz) bands,
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but in order for these links to complement future terrestrial mobile service delivery, further expansion
of the V-band (40–75 GHz) and the W-band (75–110 GHz) will likely be required to deal with predicted
demand [3].

The extent to which mm-wave communications can be leveraged for future wireless systems
depends greatly on the ability to easily generate mm-wave frequency carriers. The difficulty and
expense currently associated with generating high quality carriers in this frequency range, by purely
electronic means, hinder the potential wide deployment of these systems. An alternative method
for mm-wave generation is optical heterodyning, which involves the photo-mixing of two optical
carriers, spaced by a mm-wave frequency, on a high speed photo diode (PD)—producing a beat term
mm-wave carrier at the output of the PD. The relative ease of optical carrier generation, operation over
a wide bandwidth/frequency range, inherent compatibility with optical distribution technologies,
avoidance of costly high frequency electronic components, and the continued development of small
form factor integrated microwave/mm-wave photonic components make heterodyning a highly
promising contender for mm-wave systems, in the 5G era and beyond [4,5].

Optical heterodyning has long been proposed as a method for mm-wave and terahertz carrier
generation [6,7], with many demonstrations showcasing its ability to form the basis for high bandwidth,
high throughput wireless systems [8]. However, studies of the compatibility of such photonic systems
with the modulation formats required for future mobile service delivery have been limited to date.
Our own recent works have shown how mm-wave phase noise derived from the optical domain,
through the heterodyne process, can severely degrade multi-carrier modulation (MCM) mobile
formats [5,9,10]. In an effort to mitigate this system limitation, we recently proposed and experimentally
demonstrated an analog noise-cancelling photonic/mm-wave system design, which enabled phase
noise free reception of an MCM mobile signal at 61 GHz [11].

In this work, detailed analytical models of a hybrid photonic/mm-wave system, employing
both a traditional stand-alone local oscillator (LO) based receiver, and the phase noise cancelling
(PNC) receiver described in [11], are presented. The systems are evaluated and compared in terms
of their ability to handle next generation multi-carrier orthogonal frequency division multiplexing
(OFDM) and the single-carrier 32 amplitude phase shift keying (32-APSK) formats. For both systems,
and both waveforms, the critical impact of the optical source linewidths (and resulting mm-wave
phase noise) is investigated in terms of overall performance—revealing important system limitations
in all cases. Furthermore, through theoretical analysis, PNC receiver design rules are established,
allowing mm-wave system optimization for given optical linewidths, optical carrier and sideband
frequency spacing and target performance (in terms of EVM or signal-to-noise ratio (SNR)).

The outline of the paper is as follows: Section 2 outlines the potential of photonic assisted
mm-wave communications in a networking context and Section 3 discusses the waveforms
which hold importance for these networking scenarios. Section 4.1 details the developed hybrid
photonic/mm-wave platform and Section 5 provides an analysis of system performance. Finally,
Section 6 concludes the work.

2. Millimetre-Wave Network Applications

Within the context of 5G communications and future mobile networking, the following two
subsections outline two key applications which motivate the development and testing of the hybrid
photonic/mm-wave system presented in this work.

2.1. Terrestrial

For next generation mobile networks, the application of mm-wave technologies can be considered,
both for high bandwidth application specific scenarios (such as live high-definition video editing or
AV data transfer) and wider-scale mobile service provisioning. Particularly in the latter case, mm-wave
transmission and generation will be required to integrate seamlessly with radio-over-fibre (RoF) links,
which transport data signals between a baseband unit (BBU), located at a central office (CO), and a
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remotely deployed remote radio head (RRH), from where the wireless signal is transmitted and
received. These optical distribution links (known as fronthaul) are now critical radio access network
(RAN) components, which must support future mobile network scaling, in terms of both data rate and
the number of deployed RRHs. This network evolution will require a shift away from the currently
deployed binary modulation based fronthaul, which uses the enhanced common public radio interface
(eCPRI) protocol, to a more spectrally efficient and flexible scheme [12]. Within this context, many
recent works have proposed the use of more advanced single and multi-carrier modulation formats
(which can be broadly categorised as digital (D)-RoF and analog (A)-RoF, respectively) for fronthaul
transmission [13–15].

The potential of RoF and other photonic technologies to enable the deployment of high throughput
mm-wave communications has been noted by the research community. This has led to a major focus
on the development of hybrid photonic/mm-wave systems [16–18], including those leveraging the
heterodyne process [19–21].

2.2. Satellite

The rising demands for device connectivity and enhanced mobile broadband have led to
somewhat of a resurgence in satellite communications. With the continued deployment of high
throughput satellites (HTS), and the pursuit of terabit-scale network capacities [22], the potential for
satellite technology to complement, and augment, terrestrial mobile networks (by providing robust
5G service delivery) has been widely recognised [23,24]. Indeed, the term ’Non Terrestrial Networks’
(NTN) is now used to refer to 5G communications, including satellites, unmanned aerial systems
(UAVs) and high altitude platforms (HAPs), with ongoing standardization seeking to seamlessly
integrate these facilities with the 5G eco-system [25,26]. In rural areas where fibre penetration may be
low, mm-wave satellite links may be used to provide 5G data transport—effectively acting as a 5G
RAN node in a hybrid satellite-terrestrial network [24], with the potential to provide front-haul and
back-haul services. The convenient overlap between 5G NR’s FR2 and the Ka band strengthens the
case for mm-wave service delivery through such a hybrid networking scheme [27].

With photonic technologies offering reduced size, weight and power consumption, and robustness
to RF interference compared to conventional electronic components, it is no surprise that hybrid
photonic/mm-wave systems have also been proposed for deployment in satellite communications
systems [28].

3. Waveforms for Millimetre-Wave Mobile Communications

As well as defining initial frequency bands of operation, 5G NR also specifies the use of the
OFDM waveform for system deployments, with increased signal bandwidths and subcarrier spacings
compared to 4G long-term evolution (LTE). For operation in the FR2 band, ref. [1] defines OFDM
bandwidths up to 400 MHz and subcarrier spacings of 60/120/240 kHz. In hybrid photonic/mm-wave
systems using MCM schemes, such as OFDM, our previous work [5] has shown that the phase noise of
the heterodyne mm-wave carrier relative to the subcarrier spacing/baud rate is of critical importance.
This ultimately leads to the requirement for ultra-low linewidth optical sources in the sub-kHz to
kHz range, greatly hindering the wide-scale deployment of such systems. Our recent work [11,29]
has focused on developing phase noise robust photonic/mm-wave systems, which help to ease these
laser linewidth restrictions and enable the use of lower cost commercially available devices—which
typically exhibit a higher linewidth.

APSK is a highly popular modulation format for satellite communications. The single-carrier
modulation format was first adopted for satellite digital TV through the Satellite Digital Video
Broadcasting (DVB-S) open standards. Today, DVB-S2 (up to 32-APSK), and optional extension
DVB-S2X (64/128/256-APSK) have been widely adopted to encapsulate satellite broadband traffic,
including transmission in the Ka band [30]. DVB-S’ popularity stems from its relatively high spectral
efficiency and inherent robustness against nonlinear distortion, which can be attributed to its unique
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APSK constellation. The ideal 32-APSK constellation (which is presented later in Section 4.2) consisting
of three concentric rings is shown in Figure 3b. The absence of a wide range of symbol amplitudes
results in a reduced peak-to-average power ratio (PAPR) compared to the equivalent quadrature
amplitude modulation (QAM) constellation—making APSK more resilient to nonlinear distortions
introduced by high-power amplifiers (HPAs). Furthermore, the ratio of the APSK ring radii can be
varied in order to tailor the waveform PAPR for a given channel, at the cost of altering the Euclidean
distance between constellation points.

It is worth noting that, although OFDM exhibits relatively high levels of PAPR, its advantages in
terms of subcarrier flexibility, spectral efficiency and inherent compatibility with terrestrial broadband
and 5G networks have led to its inclusion in discussion around next generation waveforms for satellite
broadband applications [3,31,32]. Adaptations to OFDM’s basic form, in order to limit PAPR and
out-of-band (OOB) emission, may be required for satellite communications [32], but its key potential
benefits are clear; the provision of a ubiquitous 5G networking platform and the ease of interaction
with terrestrial systems.

With the aims of demonstrating the proposed hybrid system’s relevance to the networking
applications outlined in Section 2, and providing a comparative study of single-carrier and multi-carrier
modulation performances in the presence of mm-wave phase in such a system, both 32-APSK and
32-QAM OFDM are applied in the simulation platform which is outlined in the following section.

4. Hybrid Photonic/Millimetre-Wave System and Simulation Details

4.1. System Simulation

The hybrid photonic/mm-wave platform is depicted in Figure 1. The system is simulated in
Matlab and is designed to resemble the experimental setup presented in [11]. Table 1 gives the
key simulation parameters. The optical portion of the system contains two optical sources that are
simulated by way of the generation of two carriers separated by the mm-wave frequency (60 GHz),
each with independently generated noise terms. The electric field associated with a simulated carrier
is described using the general expression:

E(t) =
√

1 + nRIN · E0 · exp(j2π fct + φ(t)) . (1)

where E0 represents the optical field amplitude, fc is the carrier frequency and nRIN is the band-limited
relative intensity noise (RIN), which is formulated as described in [5]. Moreover, φ(t) contains the
phase noise of the optical carrier. Its discrete form is implemented by taking m samples (where m is
also the length, in samples, of the data signal to be transmitted) of a uniformly Gaussian distributed
noise vector with zero mean and unity variance, f̂ (m), and performing a scaled running sum over the
vector, such that the random walk phase noise at the lth time step is given by:

φ(l) =
√

2π · LWopt · ts

l

∑
m=0

f̂ (m) . (2)

where LWopt is the 3-dB optical linewidth and ts is the sampling period, which was 5 ps in this work.
The optical sources shown in Figure 1 both produce an optical carrier as per Equation (1), with each
being assigned the same levels of independently generated (i.e., un-correlated) RIN and phase noise.
The frequencies of the carriers were set within the simulation spectral window (±100 GHz), to have a
frequency separation of 60 GHz.
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Figure 1. Simulated hybrid photonic/mm-wave system setup diagram, including the phase noise
cancelling analog receiver architecture.

Partial single-sideband (SSB) modulation of one of the optical carriers with a real valued
intermediate frequency (IF) OFDM/APSK signal is performed using a modelled Mach–Zehnder
modulator (MZM), followed by an optical band-pass filter (OBPF), while the other carrier is
unmodulated. The MZM is biased close to, but not on, the null point of its transfer characteristic.
This provides optical field modulation, while allowing the optical carrier to remain relatively
unsuppressed. Such operation is required by the PNC receiver stage, whose operation is described
below. In practice, ideal optical SSB modulation is difficult to achieve at frequencies close to the carrier,
if the carrier itself is to be maintained. This is replicated here by setting the OBPF (with passband of
5 GHz) such that the lower frequency sideband is suppressed by∼25 dB relative to the upper sideband.
All filtering in the simulated system is implemented using a Gaussian shaped profile applied in the
frequency domain. The simulated spectra of the unmodulated and partial SSB modulated optical
carriers are shown in Figure 2a,b, respectively. Figure 2a illustrates the Lorentzian-shaped spectral
profile synonymous with optical carrier generation [33].
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Figure 2. Simulated (a) Unmodulated optical carrier, (b) partial SSB modulated optical carrier and
(c) mm-wave spectrum after photo-detection. Numbering corresponds to measurement points in
Figure 2.

The optical carriers are combined and fed to a PIN photodetector with a bandwidth of 100 GHz and
a shot and thermal noise as defined in [5]. Optical heterodyning of the modulated and unmodulated
carriers takes place, producing an electrical signal with a strong carrier term at 60 GHz and information
sideband signal at 62 GHz, as shown by the mm-wave spectrum in Figure 2c. Following V-band
wave-guide filtering, the electrical signal can be directed to one of two simulated mm-wave receivers:
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1. LO-based Receiver: A standard receiver structure consisting of a mm-wave mixer and local
oscillator (LO) is depicted in the lower half of the receiver side in Figure 1. The incoming signal
is passed through an electrical band-pass filter (EBPF) , which serves to isolate the upper data
sideband portion of the mm-wave spectrum, centred at 62 GHz. The filtered signal is mixed with
a 60 GHz carrier generated by the receiver LO, which is phase locked to the transmitter side.
The down-converted IF signal at 2 GHz is then passed to the IF OFDM/APSK demodulator.

2. PNC Receiver: The analog phase noise cancelling mm-wave receiver architecture is outlined by a
dotted red line in Figure 1. This architecture allows phase noise and frequency offset cancellation at
the IF down-conversion stage without the requirement for a standalone receiver LO, and this is
described in detail in [11]. After photo detection, the electrical spectrum shown in Figure 2c is
split into two paths. The PNC receiver contains an EBPF in each path; a signal filter and a carrier
filter, which are used to isolate the upper data sideband (at 62 GHz) and mm-wave carrier term
(at 60 GHz), respectively (these terms are represented by the purple illustrative spectra in Figure 1).
The filtered signal and carrier terms are then used as the ‘RF’ and ‘LO’ inputs to a mm-wave
mixer, respectively. These filtered components exhibit matching phase noise as a result of being
generated through the same photo-mixing process. This allows the filtered carrier term to be used
as a phase noise correlated ‘LO’, which, when mixed with the signal term, produces an IF data
signal (at 2 GHz) free from phase noise.

For both receiver stages, sharp band-pass filtering in the mm-wave domain is implemented in the
model by using 10th order Gaussian shaped frequency domain filter profiles, as given by the function:

g( f ) = exp
[
( f − fo)n

2σ n

]
. (3)

where fo is the filter center frequency, 2σ is the 3-dB bandwidth of the filter and n in the filter order.

Table 1. Simulation Parameters.

S.No. Property Value

1. mmWave Carrier Frequency 60 GHz
2. Intermediate Frequency 2 GHz
3. Optical Linewidth Variable
4. RIN −140 dB/Hz
5. Carrier Frequency Offset 0 Hz
6. System Sample Rate 200 GSa/s

4.2. Waveform Generation and Reception

Multi-carrier IFFT based OFDM generation is performed broadly in line with the 5G NR (3GPP
Rel. 15) specifications for mm-wave communications. Overall, 800 active subcarriers modulated
with 32-QAM and with a baud rate/frequency spacing of 244 kHz, are used to generate the ∼1 Gb/s
OFDM signal. The first OFDM symbol is designated as a training symbol (TS). A cyclic prefix (CP) of
6.25% of the signal length is added after IFFT processing. Following parallel-to-serial operation, I/Q
up-conversion of the baseband OFDM signal to 2 GHz, results in the real-valued IF OFDM spectrum
are shown in Figure 3a. This transmit sequence is then over-sampled to match the global simulation
sample rate.

At the IF OFDM demodulator, the IF signal produced at the output of the receivers described in
Section 4.1 is re-sampled and digitally down-converted to baseband. CP removal precedes receiver
FFT de-modulation. Channel estimation is then performed through comparison of the transmitted and
received TS—facilitating single-tap frequency domain equalization (FDE). Finally, EVM is calculated
for all received QAM symbols.
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Figure 3. (a) IF 200 MHz bandwidth 32-QAM OFDM spectrum, (b) Ideal 32-APSK constellation
diagram and (c) IF 200 MBaud 32-APSK spectrum.

The 32-APSK ideal signal constellation is shown in Figure 3b. The 32 constellation points are
arranged in three concentric circles which, in this case, are equidistant. Then, 32-APSK encoding
of a random binary stream is performed at 200 MBaud, resulting in a total spectral bandwidth of
400 MHz (3-dB bandwidth = 200 MHz). I/Q up-conversion of the time domain signal results in the
APSK spectrum shown in Figure 3c. At the receiver, the single-carrier IF APSK signal is re-sampled
and down-converted through a digital I/Q mixer. Using the ideal 32-APSK constellation (Figure 3b)
as a reference plane, a blind decision directed least mean squares (DD-LMS) algorithm is optionally
implemented for phase estimation and correction of the received constellation.

Table 2 lists the main waveform parameters of interest for both APSK and OFDM signals.

Table 2. Waveform Parameters.

S.No. Property APSK OFDM

1. Total Data Rate 1 Gb/s 0.98 Gb/s
2. Bandwidth 200 MHz (3-dB) 195.2 MHz
3. Modulation Order 32 32
4. Phase Tracking/EQ LMS Single-Tap FDE
5. No. Subcarriers - 800
6. FFT Size - 1024
7. Subcarrier Spacing - 244 kHz
8. CP - 6.25%

5. Results and Discussion

5.1. OFDM Versus APSK

The simulated photonic/mm-wave test-bed outlined in the previous section was firstly evaluated
in terms of the tolerance of both waveforms to mm-wave phase noise produced through the heterodyne
process. Figure 4a shows the system performance, in terms of EVM, for both mm-wave receivers, as the
linewidths of the optical sources were varied. It should be noted that the independent optical phase
noise terms are set to have the same linewidth value. After the photo-mixing of these two carriers
at the PD, the resultant 60 GHz mm-wave carrier and mm-wave data signal will possess a phase
noise, characterized by a linewidth value which is the summation of the optical linewidths. In the
case where the standard external LO based receiver is used, Figure 4a shows that OFDM reception is
highly sensitive to increased optical linewidth. This is as a direct result of OFDM’s MCM FFT-based
implementation, which requires strict alignment of orthogonal subcarriers in the frequency domain,
as discussed in [5]. Here, the perturbation of the 244 kHz bandwidth data-carrying subcarriers through
the introduction of phase noise leads to severe degradation, where EVMs above 10% can be observed
for optical source linewidths of just a few kHz. It should be noted that 5G NR specifies an EVM limit
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of 8% and 12.5% for 64-QAM and 16-QAM, respectively, but does not specify for 32-QAM to date.
An EVM target of 10% is discussed in this work as it is sufficient to obtain a bit error rate (BER) below
the 7% forward error correction (FEC) limit of 3.8× 10−3. Figure 5a shows the received 32-QAM OFDM
constellation (EVM = 21%), where optical source linewidths are both set to 12 kHz. For all OFDM
results, channel estimation, as well as single-tap frequency domain equalization, was performed.

For the same external LO-based receiver, the figure shows that APSK exhibits a higher tolerance
to phase noise compared to OFDM. APSK’s single-carrier implementation means that the information
to be transmitted is spread across the entire APSK signal bandwidth (400 MHz). This effectively lowers
the relative impact of a given level of mm-wave phase noise, compared to that experienced by a single
OFDM subcarrier (244 kHz in this case). However, the results show that the level of performance
improvement achieved by using APSK does not depend exclusively on the ratio of carrier modulation
bandwidth to phase noise, but also on the application of receiver phase error correction. The cyan
colored curve in Figure 4a represents the performance of APSK, where a blind least mean square (LMS)
algorithm is used to estimate and correct phase offsets in the received constellation. Compared to
the case where no phase tracking is applied (pink curve), a much improved performance, close to
the system error floor, can be observed for optical source linewidth values up to 30 kHz—equating
to 60 kHz of mm-wave phase noise. For higher linewidth values, the greater levels of phase noise
variance become impossible to track, and this leads to the convergence of the APSK curves in the
figure. Figure 5c shows the received 32-APSK signal in this case, where the optical linewidths are
set at 40 kHz. It is possible that the inclusion of more advanced phase correction techniques [34]
may help to sustain acceptable APSK performance beyond the 30 kHz limitation shown in Figure 4a.
Nevertheless, for APSK baud rates around 200 MBaud, the results show that laser sources exhibiting
linewidths in the order of 10’s kHz will be required for heterodyne operation, with a standard mm-wave
receiver architecture.
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Figure 4. (a) Performance of OFDM and APSK with optical source linewidth variation, with LO
based and PNC receivers, and (b) APSK and OFDM performance of a wider range of optical source
linewidths, where the PNC receiver is engaged.

When the PNC receiving architecture is used, the SSB information is down-converted to the
IF stage by the carrier×carrier term which is isolated by the ’Carrier Filter’ highlighted in Figure 1.
As discussed, the effect of this is to enable the cancellation of any phase noise (and any frequency offsets
within the bandwidth of the filter) arising from the interaction of the optical carriers, via the heterodyne
process. In this case, Figure 4a shows performances at the system error floor (i.e., performances attained
for linewidth values of 0 kHz) for both APSK (EVM = 3.5%) and OFDM (EVM = 5%) modulation, for all
linewidth values. The difference in optimum performance EVMs for both formats is a consequence
of the relative impact of system intensity noise (RIN, PD shot noise and thermal noise) on APSK and
OFDM, whose PAPRs are 1.79 dB and 12.46 dB, respectively—highlighting one of the major drawbacks
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of conventional OFDM. Corresponding phase noise free 32-QAM OFDM and 32-APSK constellations
can be observed in Figure 5b,d, respectively.
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Figure 5. Received OFDM constellations with the (a) external LO based receiver and (b) PNC receiver
when the optical linewidths are set to 12 kHz; and received APSK constellations with the (c) external
LO based receiver and (d) PNC receiver when the optical linewidths are set to 40 kHz.

Figure 4b shows the performances of both OFDM and APSK, where the PNC receiver is enabled
and optical linewidth values are swept over a broad range. EVMs corresponding to the optimum
performance for both modulation formats are apparent for optical source linewidth values up to about
3 MHz, after which the received signal deteriorates.

The performance limitation evident in Figure 4b stems from the fact that the PNC receiver does
not enable perfect phase noise cancellation in cases where the mm-wave carrier spectral profile is
significantly band-limited by the PNC’s carrier filter. The phase noise contained in the mm-wave
carrier term can be thought of as ’information’ required for analog noise cancellation at the mixing
stage. In cases where the carrier filter bandwidth is large relative to the spectral profile of the mm-wave
carrier, almost all of the carrier’s Lorentzian-shaped phase noise spectral component passes to the IF
mixer and is used to cancel the equivalent component in the information signal. In cases where the
filter bandwidth is small relative to the carrier’s spectral width, only partial phase noise cancellation
can be performed, as the mm-wave carrier has been stripped of some of its phase noise detail, due to
band-limiting. It follows that the performance of the system is proportional to the level of phase
noise cancellation which can be performed, and hence the ratio of filter bandwidth to generated
mm-wave phase noise. So, intuitively, the SNR of the received signal can be maximised when full
phase noise cancellation is permitted by appropriate filtering. This points toward a relationship
between the received signal SNR, carrier filter bandwidth and carrier linewidth, which is explored in
the following section.

5.2. Impact of PNC Receiver Design

Consider an ideal implementation of the PNC receiver which comprises an ideal carrier filter,
with bandwidth 2B. This filter is used to isolate the mm-wave carrier generated through the heterodyne
process, and whose phase noise is characterized by a 3-dB linewidth value LWelec. SNR, arising from
the presence of phase noise only, can be approximated (conservatively), as follows (see Appendix A):

SNR ≈ 2B
LWelec

, (4)

It should be noted that this relationship only holds when the PNC’s signal filter bandwidth is
sufficient to allow the information signal and associated phase noise component to pass without
curtailment. Here, an SNR of 1 indicates that the filter bandwidth is equal to the 3-dB linewidth of
the mm-wave carrier component. Practically speaking, this scenario equates to the case where the
mm-wave carrier spectrum is band-limited, such that only half of its spectral power can be used for the
phase noise cancellation step at the IF down-conversion stage. Considering the high-order Gaussian
filter design used in this work (with a bandwidth of F3dB), and the fact that the generated mm-wave



Appl. Sci. 2020, 10, 5800 10 of 15

carrier linewidth is equal to the summation of the independent optical carrier linewidths (given by the
term LWopt in Equation (2)), the above relationship can be extended as follows:

SNR ≈ F3dB
2× LWopt

, (5)

Given that SNR is related to the root mean square EVM performance metric through the
following equation:

SNR =

(
1

EVM

)2
, (6)

an approximate expression for EVM can also be given as:

EVM (%) ≈

√
2× LWopt

F3dB
· 100 . (7)

In order to minimize EVM, the expression (7) indicates that F3dB should be as large as possible.
However, as this filter is required to isolate the mm-wave carrier term only, a large value of F3dB
effectively precludes the use of frequencies around the carrier (i.e., within the carrier filter pass-band)
for data modulation. In other words, relatively large IFs must be selected for optical modulation
if F3dB is large—leading to a wider frequency separation between carrier and signal (sideband)
terms in both the optical and mm-wave domains. Considering that the PNC based system which
hinges on the co-transmission of both the carrier and signal sideband terms, the requirement for
a large frequency separation between these terms is clearly sub-optimal from the perspective of
spectral usage. A significant motivating factor for reducing the frequency separation between
these components is the ease of compatibility with integrated photonic beam-forming networks
(e.g., [35]), whose complexity can be reduced, and achievable mm-wave beam steering angle increased,
with narrow-band operation [36].

In essence, when it comes to determining the filter criteria, a trade-off exists between
performance optimization through wide-band filtering of the mm-wave carrier, and the efficient
use of mm-wave spectrum.

Figure 6a shows the performance of the proposed system using the PNC receiver with OFDM
modulation, where the bandwidth of the mm-wave carrier filter is varied from 0.1–500 MHz. For optical
linewidth values of 10 and 100 kHz (which equates to mm-wave carrier linewidths/phase-noise of
20 kHz (blue curve) and 200 kHz (red curve), respectively), performances improve with increased
carrier filter bandwidth, until the performance floor is reached. These scenarios can be observed for
bandwidth values of around 30 and 200 MHz, for the blue and red curves. Performances below 10%
EVM can be guaranteed for reduced filter bandwidth values of 2.5 and 20 MHz, respectively.

The accompanying dotted lines in the figure are the predicted performance curves given by
expression (7). The figure shows that this conservative estimate for the achievable system SNR exhibits
good matching with the simulated system which also incorporates the intensity noise processes (RIN,
shot noise, thermal noise), which are inherent to optical heterodyne implementations. The theoretical
and simulated curves diverge as the system performance plots begin to reach the performance floor
(evident due to the inclusion of intensity noise). Nevertheless, the results show that, with prior
knowledge of the optical source linewidths (which would typically be known), the expression given
in (7) can be used to indicate the minimum required carrier filter bandwidth for a target EVM, for the
system described.
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Figure 6. Simulated system and theoretical predicted performance for varying mm-wave carrier filter
bandwidths in terms of (a) EVM and (b) SNR, and (c) mm-wave spectral profiles of the un-filtered and
filtered heterodyne mm-wave carrier, and PNC carrier band-pass filter.

Using the expression given by (6), this analysis can be extended to the system electrical SNR.
Figure 6b shows how the received SNR varies with carrier filter bandwidth—for the same linewidth
conditions given above. The dotted lines in the figure represent the predicted variance in SNR given
by the expression (5). As expected, the prediction shows good alignment with the simulated results for
lower filter bandwidth values. For example, given two optical sources with 100 kHz linewidth each
and a target SNR of 20 dB, the predicted SNR curve (cyan dotted line) indicates that a minimum carrier
filter 3-dB bandwidth of 2 MHz is required. This is matched well by the corresponding simulated
curve which, for higher filter bandwidths, converges to the maximum achievable electrical SNR value
for the given system conditions. In general, for the cases presented, the theoretical plots indicate that
for a target electrical SNR value of ≥100 (equating to ≤10% EVM), the mm-wave carrier filter must
have a 3-dB bandwidth which exceeds the combined optical linewidth value by a factor of at least 100.

Figure 6c shows spectral profiles of the 60 GHz heterodyne generated carrier before and after
filtering by the PNC receiver’s carrier filter. The profile of this mm-wave carrier filter is also shown
to be superimposed on the figure. In this case, F3dB was set to 50 MHz and LWopt was set to
10 kHz—corresponding to the system performance point denoted with a star in Figure 6a.

6. Conclusions

The continued evolution of mobile broadband networks relies on the exploitation of new
spectra, and the creation of a robust service delivery platform, incorporating both terrestrial
and satellite technologies. This points toward the likely proliferation of mm-wave frequency
transmission systems for high throughout applications and use within 5G distribution networks,
particularly considering recent efforts in standardization. The generation, processing and distribution
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of mm-wave signals by photonic means offer a flexible and high-bandwidth solution compared
to electronic technologies. Inherent compatibility with optical distribution networks and the
continued advancement of chip-scale photonic circuits make the convergence of mm-wave and optical
communications technologies inevitable. Through the development and evaluation of a detailed
model of a hybrid photonic/mm-wave communications system employing optical heterodyning,
this work has shown how such systems can be used to deliver the single and multi-carrier waveforms
synonymous with both satellite and terrestrial broadband communications.

Overall, due to its single-carrier implementation, the APSK format exhibits superior tolerance
to both intensity noise and mm-wave phase noise generated through the optical heterodyne process,
albeit without offering the subcarrier flexibility and single-tap frequency domain equalization provided
by OFDM. The 5G compatible multi-carrier OFDM signal performs poorly in the presence of phase
noise, due to the relatively low subcarrier spacing, imposing severe limitations on the optical source
linewidths, ranging from kHz to sub-kHz levels.

Extending the model to include an analog phase noise cancellation stage at the receiver reveals that
these optical linewidth restrictions can be significantly alleviated for both waveforms. The evaluated
system is shown to enable phase noise free operation for optical linewidth values up to ∼2 MHz,
showcasing its potential to provide an efficient platform for photonic/mm-wave system deployment
by enabling the use widely available optical sources, such as distributed feedback (DFB) lasers.
This relaxed upper bound on optical linewidth is found to be determined by the receiver’s carrier
filter design. The related analysis leads to a direct relationship between the filter’s bandwidth and the
achievable system performance (in terms of EVM and SNR) in the presence of phase noise, with good
matching exhibited for both theoretically predicted and simulated performances. This relationship
serves as a critical design rule for mm-wave receiver optimization; by indicating the minimum required
filter bandwidth for a target SNR/EVM and, in turn, facilitating optimum spectral usage.

Ultimately, through the significant alleviation of optical linewidth requirements—enabling the
use of cost-efficient laser diodes—and an optimized receiver design, the hybrid photonic/mm-wave
system discussed and analyzed in the work has the potential to provide a flexible, low-cost and
bandwidth efficient solution for next generation mm-wave applications, employing both single and
multi-carrier transmission techniques.
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Appendix A

Assume that a carrier containing phase noise generated through an optical heterodyne process
can be approximated in the spectral domain by a Lorentzian shaped profile. The expression for a
Lorentzian distribution is given as:

L( f ) =
1
γ

[
γ2

( f − f0) + γ2

]
, (A1)

where f0 is the frequency offset and γ specifies half width at half maximum (and 2γ is the 3-dB
linewidth of the carrier source with phase noise). Setting f0 = 0, γ = 1 and normalizing f with respect
to γ for a standard distribution yields:

L( f ) =
1

1 + f 2 , (A2)
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Integrating this expression reveals the power of the normalized Lorentzian distribution:∫ ∞

−∞

1
1 + f 2 d f = arctan (∞)− arctan (−∞) =

π

2
−
(
−π

2

)
= π . (A3)

Consider a band-limited distribution with frequency bounds −B ≤ f ≤ B. The single-sided
power of the band-limited distribution can be expressed as:

∫ B

0

1
1 + f 2 d f = arctan (B)− arctan (0) = arctan (B) , (A4)

For the purposes of enabling noise cancellation across the full spectral range of a secondary signal,
using band-pass filtering of a carrier containing phase noise (as discussed in Section 5.2), an SNR metric
can be defined, where the signal component is the power of the distribution retained by band-limiting,
and the noise component is the power of the distribution lost by band-limiting. This can be expressed
as follows:

Psig = 2 · arctan(B) and Pnoise = π − 2 · arctan(B) , (A5)

and hence,

SNR =
Psig

Pnoise
=

2 · arctan(B)
π − 2 · arctan(B)

, (A6)

Since f is normalized to γ, and B ε f , the above expression can be generalized to:

SNR =
2 · arctan( B

γ )

π − 2 · arctan( B
γ )

, (A7)

It is clear from the above expression that the SNR metric varies in proportion to the ratio of B,
the single sided band-limit, to γ, half the linewidth. Setting B = γ—which is equivalent to setting the
pass-band of an ideal band-limiting filter (2B) equal to the 3-dB linewidth of the Lorentzian (2γ)—gives

SNR =
2 · arctan(1)

π − 2 · arctan(1)
= 1 , (A8)

and so for B 6� γ and B 6� γ an approximation of the SNR metric is given by:

SNR ≈ B
γ

. (A9)

For B� γ, which describes most practical scenarios, the following approximation can be made:

arctan
(

B
γ

)
≈ π

2
− 1

B/γ
, (A10)

which allows the Equation (A7) to be approximated to:

SNR ≈
(

B
γ
· π

2

)
− 1 . (A11)

Compared to this approximation, the expression given in (A9) can be viewed as a conservative
estimation of the achievable system SNR, for given linewidth and ideal filter pass-band values.
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