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ABSTRACT This paper presents a waveform proposal for photonic-wireless sub-THz transmissions. The
concept of Continuous Phase Modulation (CPM) is first explained. Then, a mathematical model to simulate
non-linear effects from photodiodes for the Amplitude-to-Amplitude (AM-AM) and a second model for
the Amplitude-to-Phase (AM-PM) transfer functions is given. These models are then used to quantify
non-linearities effects on linear waveforms (M-QAM) and non-linear waveforms (CPM). Afterwards, the
communications range gained from using CPM over M-QAM from the simulated non-linear effects is
calculated. To further appeal to the use of CPM, a study on energy efficiency is proposed. Finally, a proof of
concept is given by experimentally comparing the CPM waveforms with a regular linear modulation, such
as QPSK. An error-free data rate of 7.5 GBauds with Raised-Cosine, Gaussian Minimum Shift Keying (two
CPM waveforms), and QPSK at a 107.5 GHz wireless 1-meter link is measured. To further estimate the
robustness of the wireless link, a simulation of a communication with different transmit powers is done by
adding white Gaussian noise to the acquired signals.

INDEX TERMS Continuous phase modulations, energy efficiency, photodiodes non-linearities, radio-over-

fiber, sub-THz wireless communication, THz photonics.

I. INTRODUCTION

In the recent years, photonics-based sub-THz (100 GHz -
300 GHz) and THz (0.3 THz - 10 THz) communications
have known many advances [1], [2], [3]. It has been
accepted as a key enabling technology for future wireless
standards as 6G and beyond era [4]. Chaccour et al. [5]
describe the key defining features of sub-THz and THz
wireless communications: quasi-opticality of the band, THz
tailored wireless architectures, synergy with lower frequency
bands, joint sensing, and communication systems, physical
layer procedures, spectrum access techniques, and real-time
network optimization.

Most of the work in wireless-photonics sub-THz com-
munications is done using linear waveforms, such as
M-QAM [3], [6], [7], [8], [9], [10], [11], or even On-Off
Keying [12], [13], [14]. Very few work focus on exploring
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other waveforms [15], [16], [17], [18]. Fig. 1 present an
overview of the current state-of-the-art in sub-THz communi-
cations. The squares stand for experimental photonics-based
wireless sub-THz communications, while diamonds are for
full electronics experiments. The color code is for carrier
frequency.

As explained by the Ducournau et al. in [1], the research
community has been focusing on the race for data rate.
In contrast, this work focuses on energy efficiency and
robustness to impairments, such as phase noise and non-
linearities. Indeed, previous work showed that in case of
communications impaired by phase noise, such as sub-THz
wireless communications, Continuous Phase Modulation
(CPM) could be a good alternative [19]. This work compared
several waveforms against medium-to-high phase noise using
five metrics: bit error rate, error vector magnitude, spectral
efficiency, adjacent channel power ratio and peak-to-average
power ratio. Authors from [20] previously investigated the
use of CPM in optical fiber communications. Their main goal
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FIGURE 1. Sub-THz communications state-of-the-art: spectral efficiency
(bits/s/Hz) vs Distance (m).

was to compare CPM with linear modulations, such as QPSK,
in a 112 Gbit/s wired optical link.

This paper proposes an unexplored waveform design
for the physical layer of sub-THz communications, rely-
ing on photonics frequency up-conversion techniques.
A 7.5 GBauds photonics-based wireless transmission link
over a 1 m range is used. The carrier frequency is 107.5 GHz,
which is low compared to what the photonics research
community has been using so far [3]. This low frequency
is due to the cost and availability of higher-frequency
equipment. A commercial photo-mixing antenna is used
as a sub-THz transmitter. The originality of the proposed
study comes from the experimental use of CPM modulations
such as Raised-Cosine (RC) and Gaussian Minimum Shift
Keying (GMSK). This paper is the continuation of previous
work [21], where the use of GMSK in a low-bandwidth
90 GHz photonics-based transmission was explored. GMSK
is a CPM used in the 2nd generation of mobile communica-
tions [22]. To the best of our knowledge, this journal is the
first paper reporting the use of broadband CPM waveforms
in an experimental sub-THz context.

The main contributions of this paper are as follows:

1) A novel mathematical model to accurately replicate
non-linear effects induced by photodiodes in optical
communication systems is introduced. Drawing upon
an extensive literature review, this model is designed
to aid researchers and engineers in optimizing optical
communication chains.

2) This mathematical model is used to compare linear
waveforms such as QPSK or 16-QAM with non-linear
waveforms such as CPM (RC & GMSK). This study
numerically proves the robustness of CPM against non-
linear effects.

3) Using the non-linearities model presented earlier, and
in a photonic-wireless sub-THz communications con-
text, the wireless communication range is calculated.
This shows that, for long range communications, CPM
is an excellent candidate.
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4) To further appeal on the use of CPM, an energy
efficiency versus spectral efficiency model is presented
and modified to integrate the power loss due to photo-
diodes. It is then used to compare long and short range
communications in terms of energy efficiency and
spectral efficiency. In a long-range communications
scheme, where energy consumption is a key element,
itis shown that M-ary CPM allows the use of the system
optimally.

5) Experiments with a short-range wireless-photonic sub-
THz link at 107.5 GHz are then presented. Link
budget is given and analyzed. QPSK, GMSK and
RC waveforms are compared in terms of Bit Error
Rate performances and spectral occupation. The figure
presenting the sub-THz state-of-the-Art is then updated
with this work and the perspectives opened by the use
of CPM waveforms.

The remainder of this paper is organized as follows:
first, CPM pulse shaping techniques are mathematically
described. Then, a photodiode non-linearities mathematical
model is given in Amplitude-to-Amplitude (AM-AM) and
Amplitude-to-Phase (AM-PM) transfer. This model is then
used to compare CPM waveforms with M-QAM on several
metrics. Next, a modified energy efficiency versus spectral
efficiency model is used to compare short-range and long-
range communications in the sub-THz bands in terms of
energy efficiency. Afterwards, an experimental setup using
CPM and QPSK is shown, and results are given. Then, future
approach and practical use are discussed. Finally, conclusions
are drawn.

Il. CONTINUOUS PHASE MODULATION

Continuous Phase Modulation is a family of digital modula-
tions with a constant envelope; the information is transmitted
through the signal phase, and the phase variations are
continuous. Such signal is mathematically expressed as [23]:

s(t) = \/é exp ’jZn Z al-hq(t—iTs)], 1)

1=—00
with Ej the symbol energy, T the symbol time, «; the i-th

M -ary transmitted symbol, 4 € QQ the modulation index and
q(?) the phase response, represented as:

0 t <0,
t
q0) = / gt 0<1<LT, @
—o0
12 (> LT,

where g() is the frequency pulse, with a pulse length of L €
N*. When L = 1, the signal is said to be full response, while
with L > 1, it is said as partial response. L is the memory
depth of the signal. The mathematical expression of the
frequency pulse depends on the selected waveform. Table 1
shows the frequency response for the tested CPM schemes,
with Q(-), the Gaussian error function. It is important to note
that, in this table, B denotes the 3 dB bandwidth of the filter,
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while T is the duration of one input data symbol, BT is
usually called Bandwidth-Time product.

TABLE 1. CPM pulse shape.

Name Frequency pulse Support | Parameters
RC 8(1) = 57 (1 — cos(35D)) [0.LTy] L
— 1 —T,72 \ _ 7572 -
GMSK g(l)—LT‘{Q(QwB (ln(2))) Q(27B (ln(2))>} Infinite L, BT

Ill. PHOTODIODE NON-LINEARITIES

A. A MATHEMATICAL MODEL ON NON-LINEARITIES
Photodiodes present non-linear behavior; their output ampli-
tude and phase have a saturation point, after which its using
is at risk of breaking [24]. The literature presents numerous
schemes and performance of photodiode, however the non-
linear amplitude-to-amplitude (AM-AM) and amplitude-to-
phase (AM-PM) behavior remains [24], [25], [26], [27],
[28], [29], [30], [311, [32], [33], [34], and [35]. Due to the
difficulties of measuring the non-linearities of photodiodes,
typical AM-AM and AM-PM behavior figures was extracted
from the literatures [25], [35]. The non-linear AM-AM and
AM-PM behavior of photodiodes is similar to the non-linear
AM-AM and AM-PM behavior of traveling-wave tubes and
power amplifier used in satellite communications [36]:

A( ) ogr
V) —m ———
1+ﬂar2
o) = 22 v
"TT Bor?

with, A(r) and ®(r) the AM-AM and AM-PM transfer
functions respectively, r the complex modulus of the input
signal, and « and B the parameters of the model. This model
was used as a baseline to obtain the AM-AM and AM-PM
NL-PD (Non-Linearity - PhotoDiode) model proposed in this
paper.

From this baseline and the gathered data from the literature,
and by using the Levenberg-Marquardt technique, also
known as the damped least-squares method, which is used to
solve non-linear least square problems [37], [38], used jointly
with the addition of higher order terms, the AM-AM, eq. (4)
and AM-PM, eq. (5), transfer functions were mathematically
modeled:

F (1) = ( g x| )2
AM-AMUI) = l4a- x| +b-x@OP+c-|x)3)
)
. . 2
Fam-pm() = a+b-|x(®] +c-|x@) )

d4e-|x(O|+f - [x(0*

with a, b, c, d, e, f, and g real values independent from
one model to the other, x(¢) is the signal at the input of
the photodiode, while |.| denotes the complex modulus, and
Fam-am(?) and Favipm(f) the AM-AM and AM-PM transfer
function respectively. The AM-AM and AM-PM combined
transfer function is given by:

y(t) = Famam(t) - e(Arg{X(t)}+FAM-PM(t))’ (6)
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with y(¢) the signal at the output of the photodiode. Fig. 2
shows the simulations of the equation (6) with the AM-AM
and AM-PM models. The lines with circle markers are for
AM-to-AM measures, while the lines with star markers are
for AM-to-PM measures. The numerical values used to obtain
these curves are presented in Appendix. The «, 8, y and §
over the curves are written on the figure to differentiate the
four presented cases.
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FIGURE 2. AM-to-AM and AM-to-PM transfer curves with data from [25]
and [35] and using the model in eq. (6): (@) Vpjqs = —1.2V, (B)
Vpias = —0.2V, () Vpjas = —5 Vi (3) Vpjgs = —4 V.

The AM-AM saturation power is linked to the bias voltage
applied to the photodiode. This bias voltage affects the
linearity of the photodiode, a reversely high bias voltage
reduces the capacitance of the photodiode, which pushes
higher the saturation point [39]. This explains why, with
Viias = —1.2 V, the saturation point is higher than with
Vyias = —0.2 V.

Figure 3 gives an illustrative example on the modeling of
NL-PD affecting filtered QPSK and CPM signals.
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FIGURE 3. AM-AM and AM-PM figures of: (a) QPSK signals, and (b) CPM
signals.

This figure was obtained for a filtered QPSK with a
back-off high enough as to not suffer from non-linear effects
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in the AM-AM domain. In the AM-PM domain however,
there are still non-linearities that affects the signal, though
they are small enough to be neglected in this case (from
—0.04 rad to O rad). This figure also shows the constant
modulus property of the CPM waveform, which allows the
use of the photodiode at saturation.

B. PERFORMANCE DEGRADATION DUE TO
NON-LINEARITIES

To study the effects of photodiodes non-linearities (NL)
on communication signals, an uncoded, baseband, Single-
Input Single-Output (SISO) system with Additive White
Gaussian Noise (AWGN) channel including photodiodes
non-linearities at the transmitter was considered. The
received signal is defined as:

r(t) = y(t) + n(), (N

with r(¢) the received signal, y(¢) the signal at the output
of the photodiode, affected by NL using the model described
in (6), and n(¢) the circular, zero-mean, complex white
Gaussian noise with variance o2. The transmitted signal is
composed of filtered symbols that take their values from the
following modulations: QPSK, 16-QAM, GMSK, and RC.
A Square-Root Raised Cosine (SRRC) with a roll-off factor
of 0.2 filter was designed for the M-QAM symbols, while
CPM is used with binary antipodal symbols, with GMSK
(h=1/2,L =4 & BT =03)orRC (h =4/5 L = 3)
pulse shaping.

To observe the effects of NL, a focus is done on calculating
the Adjacent Channel Power Ratio (ACPR), Bit Error Rate
(BER), and Error Vector Magnitudes (EVM). Due to the
continuous phase and memory effects of the CPMs, it is
unsuitable to talk about the EVM as a performance metric;
for instance, only BER and ACPR will be shown for these
signals. ACPR is calculated by comparing the first channel
offset with the in-band power. BER values were calculated
for values of Ep/Ny from —5 to 15 dB and compared with
their respective theoretical lower bounds.

The o and § NL curves from Fig. 2 were used in our
simulation setup. Applying a power back-off to the signal
before the photodiode is necessary to account for the NL
effects. The applied power back-off should be strong enough
to keep the signals in the linear zone. The maximum
instantaneous input power must be lower than 12 dBm for
M-QAM signals, whereas the input power was fixed at
saturation (14 dBm) for the CPM signals, as shown in Fig. 3.

Another way to explain this is by using the Peak-to-
Average Power Ratio (PAPR) of the modulations. The PAPR
shows the higher bound of the instantaneous variations of
the signal power. The mean E[-] input signal power Pj, in
a photodiode must be lower or equal to the saturation point
P, minus the PAPR:

E[Pin] < Psas — PAPR. ®)

Table 2 gives the PAPR values of the considered wave-
forms.
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TABLE 2. PAPR table of considered waveforms.

Waveform | QPSK | 16-QAM | RC | GMSK
PAPR (dB) 5 6 0 0
-5 (; é 16 ‘ 15

E/N, (dB)

FIGURE 4. Bit error rate degradation due to photodiode non-linearities.
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FIGURE 5. Error vector magnitude degradation due to photodiode
non-linearities.

Fig. 4 shows the simulated BER curves of the considered
system, while Fig. 5 shows the normalized EVM curves.
In both figures, the solid lines show the simulated curves
with non-linearities. On the other hand, the dashed curves
present the theoretical lower bound (BER) or the simulated
system without non-linearities (EVM). As expected, the BER
of both CPM are unaffected by the non-linear effects of the
photodiodes, while the QPSK shows low degradation at high
E,/No (3 dB for a BER of 107°) and 16-QAM presents high
degradation at medium to high Ej /Ny (~ 5 dB for a BER of
1072). The EVM shows similar effects: low degradation at
high E}, /Ny for the QPSK, while 16-QAM suffers from high
degradation at medium to high Ej/Njy.

Fig. 6 shows the Power Spectral Densities (PSD) of the
waveforms with 6(b) and without 6(a) non-linear effects.
In these two illustrations, the mean in-band power is —12 dB,
while the power in the adjacent channel differs from one
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FIGURE 6. Power Spectral Densities of: (a) no non-linear effects, and
(b) photodiode non-linear effects.

illustration to the other. In the case of M-QAM, there is a
higher power in the adjacent channel with non-linearities than
without, and the ACPR here is increased by 27 dB. On the
other hand, the PSD of both CPM waveforms do not show
any increase in their ACPR.

To conclude, and by using the BER, EVM, and ACPR
degradation analysis, the CPM waveform does not present
any degradation due to non-linear effects. Meanwhile,
M-QAM waveforms present degradation and their level
depends on the order of the modulation. The higher the order,
the higher the degradation. Except for the ACPR, which
depends on the pulse shaping filter, the SRRC with 0.2 roll-
off pulse shaping shows an increase of 27 dB in the ACPR.

This effect on the ACPR is due to intermodulation
distortions induced by the non-linear behavior of the photodi-
odes [29], [39], [40]. These distortions affect time-dependent
parameters such as the amplitude and phase of the signals.
The constant modulus of CPM waveforms gives them
extreme robustness against such effects, which enables the
use of photodiodes and other non-linear equipment at their
saturation point.

C. COMMUNICATION RANGE GAIN

In this study, the BER is derived within a specified
communication range. These findings unveil new avenues for
wireless photonics-based communications facilitated using
CPM waveforms. Supposing an AWGN channel as described
in equation (7), and by fixing a target BER, it is possible to
compute the theoretical E} /N required to achieve a pre-fixed
target BER:

b
— M- =10-1o
No IM-QAM 210

2
2 M-—1 log,(M
< erfc—! [ BER . 1082 1)
3 Togy (M) 20—

C))

Ep 2 —1 2
—|cpm = 10 - log o | —5— -erfc™ (2 - BER) (10)
No

min

with erfc™! the inverse function of the complementary
error function, BER the targeted BER, M the order of

the QAM modulation, and d}iin the minimum normalized
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squared Euclidean distance in the signal space [23]. From
this E} /Ny value, and by knowing the system bandwidth and
the data rate of the communication signal, it is possible to
calculate the minimum Signal-to-Noise Ratio (SNR) required
to achieve the targeted BER:
SNR = ]EVZ + 10 - log¢(Rp) + 10 - log,o(By), (11)
with R;, the data rate in bits/s and B the system bandwidth
in Hz. From this SNR, it is possible to calculate the theoretical
power threshold at the receiver to enable correct detection of
the information:

SpldB = (No + NFsystem + SNR), (12)

with Ng the thermal noise level at the receiver, NFgyseem the
global noise figure of the analog system used at the receiver,
SNR the calculated theoretical SNR. The thermal noise power
at the receiver was calculated by using the equation Ny =
10 - log((KpBsT), with Kp the Boltzmann constant, B, the
system bandwidth (Hz) and T the system temperature (K).

By processing the link budget for varying distances,
a minimum distance at which the minimum instantaneous
received power is higher than the calculated threshold S, is
found. This minimum instantaneous power is estimated, such
as 99% of the power of the signal being higher. The distance is
considered here as the maximum range for which the targeted
BER is achieved.

The theoretical SNR was calculated using the parameters,
which are linked to the experimental setup shown in Fig. 12,
and to the propagation model presented in table 3. At the
same time, the parameters presented in table 4 are used to
calculate the theoretical threshold defined in (12). As for
the photodiode NL, they were simulated by using the model
presented in (6), with the parameters leading to the o and
6 curves in Fig. 2. A power back-off is applied to the
M-QAM signals to keep their instantaneous powers in the
linear region of the AM-AM model described in (4), while
CPM signals are used at saturation. As shown previously, the
CPM waveforms are robust against such NL, thus allowing
their use at saturation.

To account for the randomness of the instantaneous
received power of the communication signals, Monte-Carlo
integration techniques were used with 1000 iterations.

Fig. 7 shows the Complementary Cumulative Distribution
Function (CCDF) of the maximum communication range for
communication signals impaired by photodiode NL, with
a target BER of 1073, which is low enough to enable the
use of high-performance FEC algorithms such as LDPC or
Turbo-codes. This figure shows the probability of receiving
the signal given a certain threshold. All 16-QAM signals
are received for distances less than or equal to 26 meters,
while this distance becomes 149 meters for QPSK signals.
Compared to CPM waveforms, for which this distance
becomes 2382 meters for GMSK and 2978 meters for RC,
CPM waveforms allow a much higher communication range,
mainly due to their robustness to nonlinear effects.
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TABLE 3. Photonic-wireless sub-THz link budget.
Parameters Temperature (K) | 290 | Carrier frequency (GHz) 107.5 | Distance (m) [1,3000]
System bandwidth (GHz) 20 Water vapor concentration (g/m”3) 7.5
System Channel
Tx Rx Propagation Noise
Photodiode input ] Antenna gain 36 dBi . Thermal noise | -68.04 dBm
power E[Pi] LNA gain 29.5dB Atenuation | Clmodel [41]-{43] Noise figure 2.4 dB
Photodiode power
loss -38.5dB Cable losses 1dB Gas -0.53 dB/km Total noise f(Distance)
Coupling losses 3dB Rx mixer losses 6 dB
. . Connection losses 2 dB . .
Antenna gain 37 dBi Received power F(Distance) Total f(Distance) SNR f(Distance)

TABLE 4. Waveform parameter for range calculations.

Waveform QPSK 16-QAM RC GMSK
d’f”.n - - 2.9 1.75
R, (Gbps) | 183 367 | 11 1
‘ \
0ol QPSK i
| 16QAM
081 “‘ “ gt\:/ISK ]
o7t \ “ .
g 0.6 | ‘ 1
é) 0.5 ‘ J
§ 04+ ‘ g
EE/ 03 ‘ .
02 “‘ \‘ .
01l \ ]
0 ‘
102 10°

10°

Maximum range (m)

FIGURE 7. Complementary cumulative distribution function of the
maximum range for communications impaired by photodiode NL with

target BER = 1073,

Datarate (Gbps)
5;

10°
Range (m)

FIGURE 8. Data rate versus maximum range for communications

impaired by photodiode NL with target BER = 10—3

Fig. 8 shows the theoretical data rate versus the calculated
distance in a log-log scale for a target BER of 1073
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The dashed lines are extrapolated from the solid lines.
The achievable data rate varies logarithmically with the
distance. For the same rate of 10 Gbps, with 16-QAM,
one can communicate at a distance of 71 meters, which
becomes 225 meters for QPSK, 2500 meters for GMSK, and
3100 meters for RC. The figure also indicates the bandwidth
required to achieve this data rate, from 3 GHz for the
16-QAM to 6 GHz for the QPSK and 10 GHz for both CPM.
Thus, this figure illustrates well the trade-off bandwidth
versus communication range. It might be better to choose
M-QAM modulations in a heavily bandwidth-constrained
communications scheme. Meanwhile, when bandwidth is not
the primary concern in a long-range application, CPM is the

family of waveforms to choose from.

107" Vi
///
/ QPSK /
// 16QAM /
102 / / GMSK / E
/ / RC /
/ /
J’ "!
/ |
o | / /
w 103k / / / E
410 / |
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10 s | f 3
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[ |
[ |
| | |
i ““ ‘\
1 075 1 L
108 10*

10
Range (m)

FIGURE 9. BER versus maximum range for communications impaired by
photodiode NL with Ry, taken from table 8.

Fig. 9 outlines the BER achieved as a function of the
maximum communication range, averaged over the number
of Monte-Carlo iterations, for the data rates exposed in
table 4. In this case, the bandwidth is the same for each
presented waveform. This figure presents another trade-off:
uncoded error performance versus communication range.
Looking at this figure only, the trade-off becomes clear: CPM
gives the best uncoded error performance. Now, considering
the trade-off between bandwidth and range, the selection
of one waveform over another becomes a strategic decision
contingent upon the specific requirements of the application.

VOLUME 12, 2024



P. Desombre et al.: CPM Proposal for Photonics-Wireless Sub-THz Transmissions

IEEE Access

Continuing from the exploration of performance metrics
guiding waveform selection in the preceding section, the
focus is shifted to introduce a new dimension in our trade-
off dilemma: energy efficiency.

IV. ENERGY EFFICIENCY

Energy consumption and greenhouse gas emissions are major
concerns in today’s world. The potential of communication
technology has been thoroughly studied by Andrae and
Edler [44]. This study shows that, by 2030, communication
technology could be responsible for up to 23% of global
greenhouse gas emissions in the worst-case scenario. Future
communication systems should be aware of this and integrate
high energy efficiency schemes modes. To pursue this aim,
a straightforward model to express the energy efficiency of
wireless communication systems comes [45], [46], [47]:

Ns

— (13)
P. N
7 @ —Dg

Ne =
with 7, the Energy Efficiency (EE), ns; the Spectral
Efficiency (SE), N = Kp - T the thermal noise power at the
receiver, Gy the total channel gain, B the system bandwidth,
and P, the power consumed by the analog circuits and the
digital processing chain. P, can also be described as the
base level of power needed to operate the system [45]. From
the equation of the signal propagation in [48] and [49], the
path-loss is obtained:

Dl’l
L=—, 14
r (14)
with D the communication range, k = L Josses due

PLg-x
to the reference losses at 1 m (PLg) and shad(())w fading (x),

and n the path-loss exponent. The total channel gain can be
expressed as:

G; -Gy - Grna

G[()t -
Lpp - Lejec - Lanm

(15)

with G; the transmitting antenna gain, G, the receiving
antenna gain, Gyya the LNA gain, Lpp the conversion power
loss due to the photodiode, L. the electrical losses in
the transmitter and receiver, and L, the atmospheric gas
absorption [50].

Knowing equations (14) and (15), (13) becomes:

Ns

e = 4 Py@i—1).D" A
Gror K B

(16)

with P, = N - NFgystem the power of the noise after the
Low Noise Amplifier (LNA) at the receiver, NFgysem the
noise figure of the global analog system, and « the power
back-off applied to the signal to keep it in the linear regime
of the photodiode. « is determined with regard to the AM-AM
saturation point of the photodiode. This model shows the
EE vs SE in a SISO communication scheme without any
consideration of waveform.

Fig. 10 was obtained considering the same setup as
previously, with a 10 dB power back-off (dashed curves)
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and without power back-off (solid curves), for distances
corresponding to the results obtained from our non-linear
study: from 26 to 2978 meters. For comparison purpose,
a circuit power consumption of 25 dBm and photodiode
power conversion losses equal to 38.5 dB are considered. This
corresponds to the output power at 0 dBm of input power in
the AM-AM curves of Fig. 2.

1, (Gbit)
1, (Gbit)

(@) (b)
FIGURE 10. Energy efficiency vs spectral efficiency at varying distances,
without power back-off (solid curves) and with « = 10 dB power back-off
(dashed curves). (a) shows the overall figure while (b) shows a zoomed-in
figure towards the long range communication cases.

This figure shows concave curves, with, at their maximum,
the optimal trade-off between EE and SE. EE is represented
by the amount of data (in Gbits here) per unit of energy (J)
the link can support, while SE is expressed in bits/s/Hz. One
expected result is that the longer the distance, the lower the
optimal trade-off in EE and SE. Using a power back-off to
keep the signal in the linear regime decreases the optimal
trade-off. It comes from the fact that the devices are not used
at their maximum power output, thus resulting in a loss of
energy efficiency.

CPM waveforms demonstrate exceptional performance
in long-distance communication scenarios; using a CPM
waveform, such as RC or GMSK, allows the use of the
photodiode at its AM-AM saturation point, without losing
in BER and ACPR performance as shown by Fig. 4 &
6b. For this case, at 2978 meters, the optimal SE becomes
1.9 bits/s/Hz. M-ary CPM could allow such SE performance
while keeping EE higher than M-ary linear waveforms.

120

Pc=10dBm
P =15dBm |
P =20dBm

PC:25dBm
c
c
c

P =30dBm | |
P _=35dBm
P -40dBm

1. (Gbitl)

e

1, (bit/s/Hz)

FIGURE 11. Energy efficiency vs spectral efficiency at 2978 m, without
power back-off, and with different circuit power.
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This particular case of a communication range fixed at
2978 meters corresponds to the use case of RC waveform
at 1072 of BER. Fig. 11 shows the trade-off EE vs SE
depending on the circuit power consumption. The optimal
trade-off between EE and SE decreases in EE but increases
in SE, which means that to stay optimal regarding the EE-
SE trade-off, the more one consumes power in the circuitry
of their system, the higher the modulation order should be.
From another side, this figure supports the idea that if one
wants to save energy, i.e. by consuming less in the circuitry,
the EE becomes optimal for low-order modulations, such as
CPM.

While P, is the base power consumption of the system, P,
is the added power when transmitting. In a low-consumption
system, low-order modulations should be used to maintain
low power consumption, thus achieving optimality in EE.
Contrary to that, in a high-consumption system, a higher
order of modulations should be used to achieve optimality in
EE.

V. SUB-THZ EXPERIMENTATIONS

A. EXPERIMENTAL SETUP

Fig. 12 presents our experimental setup. The analog signal
is generated by an Arbitrary Waveform Generator (AWG)
with 88 GSps of sample rate, 25 GHz of bandwidth
and 2'* samples of memory length. One of the optical
wavelengths (A1), obtained from an External Cavity Laser
(ECL), is modulated by the output of the AWG thanks to
an electro-optical IQ modulator. The analog signal delivered
by the AWG consists of a waveform designed in the
digital domain, detailed in Table 5. A second ECL delivers
the reference (Ap) for the carrier frequency generation.
The difference between the two lasers frequency gives the
reference (Ay = Fgcr, — Fecr,), in these experiments,
Ay = 107.5 GHz. The power imbalance of the two signals
is approximately offset by the 90/10 optical coupler and
finely adjusted by adapting the pump current of each ECL.
One percent of the signal is extracted to monitor the power
spectrum, while the remaining 99% are amplified by an
Erbium-Doped Fiber Amplifier (EDFA). An attenuator is
then used to monitor and adapt the power of the signal. Then,
the optical signal is transmitted to a commercial TOPTICA
photomixing emitter. This transmitter consists of an ultra-
broadband P-i-N photodiode connected to a lens-integrated
bow-tie antenna [51]. This antenna is placed at the focus of a
larger Teflon lens.

Correspondingly, at the receiver side, a W-band horn
antenna is placed at the focus of a second Teflon lens
to capture the radiated power. A rectangular waveguide of
bandwidth [75-110] GHz is connected to the output of the
horn antenna. The output of this waveguide is linked to
a Sub-Harmonic Mixer (SHM), fed by a Local Oscillator
(LO), generating a 50 GHz tone. Thus, the received signal is
transposed to an Intermediate Frequency (IF) of 7.5 GHz. The
IF signal is then amplified by a Low-Noise Amplifier (LNA).
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The output signal of the LNA is acquired with an oscilloscope
working at 100 GSps with an analog bandwidth of 33 GHz.
Finally, the acquisitions are treated offline.

The experiment was constrained to a short wireless point-
to-point link, ranging from 0.2 m to 1.8 m, due to the low
available space in the laboratory. Due to the availability of
the photonic and electronics components the experiment was
also constrained to SISO communications.

TABLE 5. Parameters of the waveforms used in experiments.

Bandwidth | Spectral efficienc Net bitrate
Waveform | Parameters (GHz) (lﬁUS/HZ) Y (Gbits/s)
RC h=31L=3 775 0.95 736
GMSK h= % L=4,BT =03 8 0.96 7.68
QPSK SRRC of 0.2 roll-off factor | 8 1.92 15.36

The GMSK parameters are the same as the waveform used
in the second generation of mobile communications. The RC
parameters are chosen to compromise detection performance
and complexity at the receiver [23], [52], [53]. In both
CPM schemes, binary antipodal symbols were used, which
corresponds to the o; € {—1, +1} symbols from equation (1).

The main goal of these experiments is to produce an
experimental proof of concept of a photonics-based sub-
THz wireless transmission using large bandwidth CPM
waveforms and to compare them with filtered QPSK signals.
16-QAM signals were used as well during these experiments.
However, the performance obtained from the 16-QAM
signals were not up to the standard, they are not included in
the results sections.

It is worth noting that no Forward Error Coding (FEC) were
used during these experiments.

B. MEASUREMENTS AT FIXED SNR

The measurement procedure was as follows: first, the
waveform was designed in the digital domain before being
played by the AWG. The signal from the AWG modulated an
optical carrier, which was then combined with an optical tone
at the frequency Fecr, = Fecr, + Ay. The Radio-Frequency
(RF) signal at the output of the photodiode was sent to the
wireless link and then received by the horn antenna. This RF
signal was finally transposed to IF, amplified, and acquired on
an oscilloscope. The data acquired was then treated offline by
a custom-made software.

Using the same parameters as presented in table 3, the
expected link budget is calculated using the Close-In (CI)
model which has been used to model directional path-loss in
the sub-THz context [41], [42], [43]:

Lyp = FSPL(dy, f) 4+ 10 nlog;y(d/do) + x. (17)

with Lgp the path-loss in dB, d the communication distance
with dy its reference, f the carrier frequency, n the path-loss
exponent and y the shadow fading. The FSPL(dp, f) term
refers to Free-Space Path-Loss and is expressed by 32.4 +
201logo(f) + 201log;y(dp) dB. From this path loss, and the
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FIGURE 12. Experimental setup for Sub-THz wireless transmission of baseband selected waveforms. a. depicts the photonic front-end of the transmitter,
while b. shows the sub-THz wave generation, propagation, and acquisition on a 100 GSps scope. AWG: Arbitrary Waveform Generator, 1Q modulator:
In-phase and Quadrature baseband modulator, OSA: Optical Spectrum Analyzer, EDFA: Erbium-Doped Fiber Amplifier, PTFE: Polytetrafluoroethylene, ECL:
External Cavity Laser, SHM: Sub-Harmonic Mixer, d: wireless communication distance.

equation (15), the overall sub-THz link budget becomes:

Pry.aB = P1x,aB + G1,ag + Gr.ap + GLNA,aB
_LPD,dB - Lelec,dB - Latm,dB, (18)

with Pty 4p and Pgy 4p the optical power before photodiode
and received power after LNA respectively.

Using a distance of 1 m as areference, a path-loss exponent
of n = 1.7 [42], a shadow fading of x = 0.7 dB [42] and a
carrier frequency of 107.5 GHz, the propagation losses were
calculated to be 73.7 dB. The thermal noise power at the
receiver was obtained by using the equation n = KgBT, with
n the noise power (W), Kp the Boltzmann constant, B the
system bandwidth (Hz) and T the system temperature (K).
Considering power losses of —27.3 dB from our photodiode
and a optical power of Pz, = 10 dBm at its input, the SNR at
the receiver side is calculated to be 68.04 dB after the LNA.
The system noise figure was considered to be NF = 2.4 dB.
Before LNA, the SNR is calculated at 41.94 dB. Based on the
Signal to Quantization-and-Noise Ratio (SQNR) expression,
given by 19 [54]. As the receiver is using a 6-bit effective
quantization, the SQNR of the link is 37.88 dB.

SQNR =~ 6.02 n + 1.76, 19)

with SQNR, the Signal to Quantization-and-Noise Ratio
in dB, and n, the number of effective quantization bits. This
SQNR is a maximum value, upper bounding the achievable
SNR.

Experimentally, an SNR between 17 and 23 dB is mea-
sured after quantization and acquisition on an oscilloscope.
Non-ideal experimental conditions, and more specifically,
misalignment losses due to difficult antenna alignment [55],
as well as non-thermal noise (shot noise, spontaneous flutter,
and scintillation noise) due to photonic and electronic
equipment [40], [56], decrease the overall SNR of the
communication. The weather is also to be considered here,
as the temperature in the laboratory was high (measurements
taken in June 2023). The ambient water vapor concentration
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was high (measurements taken in Brittany, France, where
in June 2023, the local weather office indicated an average
humidity of 60% and a maximum of 99%), as well as
the atmospheric pressure (1017.4 hPa). All of this explains
why SNR measurements are so low compared with their
theoretical values.

Fig. 13 shows the PSD of the acquired signals. In the
bandwidth of the signal, a saw-like degradation is observed.
Due to a cavity effect inside the package of the transmit
antenna, some frequencies are amplified while others are
significantly attenuated, which gives this saw-like pattern.
The performance of the transmission is consequently highly
affected. The out-of-band, saw-like effect in the PSD of the
GMSK is mainly due to a temporary malfunction of the 1Q
modulator.

Normalized power spectrum (dB)

60 I I I I I I I I
0 5 10 15 20 25 30 35 40 45

Frequency (GHz)

FIGURE 13. Normalized PSD of observed waveforms at IF = 7.5 GHz after
acquisition on a 33 GHz scope.

Table 6 sums up the results, with nBits the number of
received bits, BER the Bit Error Rate calculated, EVM the
Error Vector Magnitude calculated, and SNR the Signal
to Noise Ratio. The SNR was calculated from the PSDs,
by calculating the in-band mean power and comparing it to
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the out-of-band mean power. Due to the continuous phase and
memory effects of the CPMs, it is unsuitable to talk about the
EVM as a performance metric. Consequently, only the BER
will be used as a comparison metric. Each numerical value in
Table 6 is averaged over five independent measurements.

TABLE 6. Results obtained from analysis of THz communication scheme.

Waveform | Symbol rate (Gbauds) nBits BER EVM | SNR (dB)
RC 7.5 5.28-10° | < 1.8939-10°F - 22.6
GMSK 7.5 1.56 - 10° | < 6.4103- 107 - 17.2
QPSK 7.5 5.60-10° | < 1.7857-10° | 0.173 223

To analyze these results, the number of bits received must
be remembered. In this case, quasi-error-free communica-
tions was measured; the average BER of the experimental
link is lower than 1/nBits, which is 1.8939 - 10~° for RC,
6.4103-10~7 for GMSK, and 1.7857-107° for QPSK. In this
case, the BER of RC is similar to that of the QPSK, while it
is much lower for the GMSK signals. However, here, QPSK
presents a much larger data rate than CPM signals.

C. SIMULATIONS AT DIFFERENT SNR VALUES

Before going any further, it is crucial to understand that
previously, the results of experiments at a single SNR value
was shown, due to the fixed communication distance. To go
further with these results, White Gaussian Noise (WGN) is
numerically added to the received signals. Allowing to plot
the BER curves depicted in Fig. 14. All 5 measurements of
each waveform gave similar BER vs Ep /Ny performance.
Thus, one measure of each waveform was selected and plotted
in Fig. 14. The added noise was calculated with respect to
the bit power (E3/No) in dB. These BER curves present a
simulation of what might have happened if the experiments
had been conducted at different distances or transmitting
powers.

—8—RC

—S— GMSK

BER

-5 0 5 10 15 20 25
E,/N, (dB)

FIGURE 14. BER curves for added Gaussian Noise to observed data. Plain
lines denote measurements, while dotted lines show the theoretical
AWGN lower bound.

The three presented waveforms have their BER curves
close to their uncoded AWGN lower bounds, witha 4 to 5 dB
difference at high Ej,/Ny. Such results show that, at longer
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distances or lower transmission power, and considering the
same propagation channel, the uncoded BER is close to its
lower bound.

Considering the reported experimental setup, with a
transmitting antenna showing saw-like patterns in the signal
spectrum, and knowing malfunctions happened during the
measurements, these results should be treated cautiously.
They can be significantly improved but that is not the aim
of this study: the feasibility of a photonic-wireless sub-THz
link with CPM waveforms is shown.

These results presented here are a significantly improved
version of the results reported in the previous work [21]:
better BER, addition of RC waveform and comparison with
QPSK, and finally, higher data rates.

1071 O O
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O Photonics-based work
or O Electronics-based work 000
®  Our 1st work (photonics-based)
8 V¥ This work (photonics-based)
800
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. 700
T 6 [ o N
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3 s o g
3 | 500 %
£ = oo B 090 o g
400
3 O
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1 oo ovedd O O ! potential, [N >
0 | | Lo 100
102 10° 10? 10*
Distance (m)

FIGURE 15. Sub-THz communications state-of-the-art, with CPM opening.

Based on the analysis of non-linearity and energy effi-
ciency, as well as the findings from the experiments, it is
evident that the use of CPM waveforms holds significant
promise to facilitates long-range wireless-photonic Sub-THz
communications. The emergence of this newly accessible
long-range application is illustrated in Fig. 15.

VI. DISCUSSION ON FUTURE RESEARCH AND PRACTICAL
USE
In the sub-THz context, several applications are considered
for next generations of communications: inter-chip commu-
nications [57], [58], inter-datacenter communications [4],
[58], [59], [60], kiosk downloading [4], [57], [58], hot-
spot communications [61], vehicle-to-everything [4], [62],
[63], and wireless backhaul networks [4], [57], [58], [61],
[62], [64]. Out of all these scenarios, wireless backhaul
networks are of particular interest for CPM: long-range
communications, with tens of Gbits/s of data rate. In other
scenarios, such as inter-chip communications, were the range
is extremely short, high-order linear modulations such as 64-
QAM might be preferred over the use of CPM.

On the other hand, using CPM waveforms comes with
a higher complexity at the receiver. The use of the Viterbi
algorithm to detect the information implies a high calculation
complexity [23]. By using the Laurent decomposition, this
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complexity can be significantly reduced [65]. Mengali and
Morelli extended the Laurent decomposition to M-ary CPM
signals [66]. In systems using CPM waveforms, using
reduced complexity receivers enables high performance
while keeping BER degradation low [53], [67], [68].

Another downside of the proposed physical layer is the
lower achievable data rate compared with linear modula-
tions such as M-QAM. However, by using Multiple-Input
Multiple-Output (MIMO) techniques combined with index-
ing on the spatial domain (Generalized Spacial Modulation),
it is possible to significantly increase the data rate of the
proposed scheme [69], [70]. However, these techniques add
hardware complexity to the system as there is a need for a high
number of analog chains and antennas to enable generalized
spatial modulation [70], [71], [72], [73]. Another significant
challenge in hardware complexity is also the design of
efficient digital-to-analog and analog-to-digital converters
that enable sub-THz communications [64].

One of the main results this paper reports is the
communication range gained by using CPM waveforms
against conventional M-ary QAM modulations. In a simple
photonic-wireless SISO scheme, with a signal bandwidth
of 11 GHz and a target BER of 1073, the proposed CPM
scheme enables communications up to 2978 meters. Mean-
while, QPSK, in the same context, enables communications
up to 149 meters.

One of the considered future works is quantifying the
communication range gained using CPM in a photonic-
wireless sub-THz MIMO system with generalized spatial
modulation to increase data rates. This theoretical study can
be conducted jointly with the scalability of the proposed
solution, as this is still an open problem for sub-THz and
THz communications [74]. The second considered work
is to push further the experiments: short-range indoor,
long-range indoor, short-range outdoor, long-range outdoor,
and very long-range outdoor line-of-sight communications.
These scenarios would be designed to test the limitations of
the proposed techniques.

VII. CONCLUSION

This work carries the perspective of a long range, high data
rate, low energy consumption for sub-THz communications
enabled by photonics technologies. It proposes an energy-
efficient, robust against non-linear effects, alternative to the
state-of-the-art of sub-THz communications.

A mathematical model is proposed to numerically simulate
photodiode non-linearities effects on a given communication
signal. Then, said model is used to simulate a communication
chain impaired by non-linearities due to photodiodes and
compare linear waveforms (QPSK & 16-QAM) with CPM
waveforms (GMSK & RC). It shows that, in general,
CPM waveforms are extremely robust against such non-
linear effects. CPM can operate at saturation whereas linear
waveforms need a power back-off to stay in the linear
region. Then, this model is used to find out the farthest
communication distance achieved for a fixed targeted BER.
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This distance is shown to be near 20 times higher for the
chosen RC scheme than for the filtered QPSK.

Then, insights on energy efficiency and power consump-
tion are given. Using a modified energy efficiency vs
spectral efficiency model, the appeal on the use of CPM to
help to optimize the global energy consumption of future
communications systems is presented.

Finally, it was experimentally shown that CPM waveforms
are working candidates for sub-THz communications. This
was done by setting up a photonics-based wireless sub-
THz link at 107.5 GHz carrier frequency. Without using
FEC algorithms, error-free transmissions were achieved with
7.5 GBauds RC, GMSK & QPSK signals at a 1m distance.

In a wireless, long-range, photonic-enabled communica-
tion link, the CPM waveform could be a good candidate
to solve both the non-linearities impairments and energy
efficiency issues while keeping a high data rate thanks to
bandwidth availability in the sub-THz bands.

APPENDIX

DATA FOR NON-LINEAR AM-AM & AM-PM MODELING

In this appendix, the numerical values of the parameters
used to simulate photodiode non-linearities using the model
derived in equations (4) and (5) are given in Tables 7 and 8
respectively.

TABLE 7. Parameters values for photodiode non-linearities AM-AM
model.

Curve | g a b c
o 0.65 | 5.7 | -98.3 429.5
I} 0.65 | 7 -2194 | 1829

TABLE 8. Parameters values for PD non-linearities AM-PM model.

Curve | a b c d e f

¥ -1.074 | 0.484 | -0.037 | 7.861 | -6.421 | 1.317

0 -0.346 | 0.152 | -0.013 | 2.392 | -1.779 | 0.335
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