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Abstract—Two different modulation schemes have been em-
ployed in photonic sub-THz systems to transmit intensity mod-
ulated signals: the dual-carrier (D-C) and single-carrier (S-C)
schemes. Although it has been stated in the literature that D-C
modulation performs better than S-C modulation, no demonstra-
tion of such claim has been provided so far. In this letter, we show
that the superiority of one scheme or the other depends on the
normalization factor that is used for comparison. Through mathe-
matical analysis we show that, when 2-pulse amplitude modulation
(2-PAM) signals are considered and the average photocurrent is
taken as the normalization factor, the D-C scheme exhibits a 3-dB
gain over the S-C scheme in the peak voltage of the recovered
signal. However, the analysis also reveals that equal performance
should be obtained when these schemes are compared in terms
of transmitted sub-THz energy and that the S-C scheme should
achieve better results when the comparison is made in terms of
the output power of the lasers. We also run simulations to examine
the impact of the non-linear transfer curve of a Mach-Zehnder
modulator (MZM) on higher-order IM formats such as 4- and
8-PAM. The results of these simulations show that the penalty of
the S-C scheme under photocurrent normalization progressively
vanishes as the modulation order increases, and for 8-PAM signals,
the S-C achieve better results than the D-C scheme. We attribute
the deterioration of the D-C scheme with higher modulation orders
to the signal-signal beat interference (SSBI).

Index Terms—Amplitude modulation, communication syste-
ms, microwave photonics, optoelectronic devices, sub-THz commu-
nication.

I. INTRODUCTION

SUB-TERAHERTZ (sub-THz) bands (100 GHz–1 THz)
have transmission windows with unregulated widths of

several tens of GHz. These bands are considered a key resource
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Fig. 1. (a) Dual-carrier transmitter, (b) single-carrier transmitter, and
(c) rest of the link including PD and ED. PD: photodiode, ED: envelope detector.

to combat the spectrum congestion at lower radio frequencies
(RFs). Hence, sub-THz communications have become a very
active research topic in the past few years [1]. Photonic sub-THz
signal generation techniques based on optical heterodyning, due
to their tuning range, maximum reachable frequency and mod-
ulation speeds, have spearheaded the access to this frequency
bands [1].

Intensity modulation (IM) has been used extensively in radio-
over-fiber (RoF) and sub-THz communication experiments due
to its compatibility with envelope detection [2]–[4]. The ad-
vantages of envelope detection are twofold: on the one hand, it
greatly simplifies the receiver architecture as no local oscillator
(LO) is required, and, on the other hand, it allows the use of
free-running lasers as it is insensitive to phase noise. As shown
in Fig. 1, there are two types of photonic sub-THz IM systems:
the single-carrier (S-C) and the double-carrier (D-C) modulation
systems. In [4] is stated that the latter offers higher signal-to-
noise ratio (SNR). However, it does not provide experimental
or theoretical demonstration or a reference that proves such
claim. In [5], an experimental demonstration of each scheme
is realized but no analysis comparing the performance of the
two is provided. In [6], the authors state that both schemes
are equally effective regarding transmission performance but to
support their claim they cite reference [5], where, as mentioned
before, no comparison analysis is provided. In this manuscript,
we first develop a theoretical analysis where ideal IM and 2-pulse
amplitude modulation (2-PAM) signaling are assumed. We use

0733-8724 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIVERSIDAD CARLOS III MADRID. Downloaded on October 17,2023 at 15:02:07 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-2809-788X
https://orcid.org/0000-0001-9676-3763
https://orcid.org/0000-0001-6665-3977
mailto:lgguerre@ing.uc3m.es
mailto:muali@ing.uc3m.es
mailto:rcguzman@ing.uc3m.es
mailto:horacio@ing.uc3m.es
mailto:horacio@ing.uc3m.es
mailto:guiller@ing.uc3m.es
https://doi.org/10.1109/JLT.2022.3188559


GONZALEZ-GUERRERO et al.: PHOTONIC SUB-TERAHERTZ IM LINKS: COMPARISON BETWEEN DOUBLE AND SINGLE CARRIER MODULATION 6065

this analysis to compare both schemes against three different
normalization factors: average photocurrent, sub-THz energy
and laser output power. We then run simulations to take into
account the non-linear transfer curve of an MZM and compare
both schemes under three different modulation formats: 2-, 4-
and 8-PAM.

Before starting with the technical content, it is important to
mention that we limit the analysis to the scenario where the
optical generation unit and the photodiode (PD) are connected
directly with no optical fiber transmission in between (we must
note, however, that this scenario is relevant from an application
point of view as it is the arrangement required for mobile de-
vices, where the optical data generation and electrical-to-optical
conversion stages need to be physically close to each other).
Hence, no impairments associated to optical fiber transmission,
such as dispersion, are taken into account. In such matter, the
reader is referred to reference [7], where the authors provide
an analysis of the maximum fiber reach of each scheme under
2-PAM modulation and coherent detection (this last aspect also
differs from our study, which assumes envelope detection).

II. IDEAL OPTICAL IM

In this section, we provide a mathematical analysis of the
D-C and S-C modulation systems depicted in Fig. 1 assuming
ideal IM. Each system is composed of two lasers generating the
electrical fields E1 and E2. These electrical fields are optically
combined forming E3, which is injected into a PD to generate
the photocurrent signal IPD. The component of IPD at sub-THz
frequency, ITHz , is then rectified by an envelope detector (ED),
whose output is the current signal IPD. The data signal, s(t),
which is encoded in the optical field before or after optical com-
bination depending on the modulation scheme, is here assumed
to be an M -PAM signal (where M is the modulation order).

In the S-C scheme, only E1 is modulated with s(t) and E3,
IPD, the average photocurrent (〈IPD〉), ITHz , IED, and the
peak voltage of the recoveredM -PAM signal, (VpSC), are given
by:

E3 = E1 + E2 (1)

=
√

P0 +ms(t) exp(jω1t) +
√
P0 exp(jω2t),

IPD ∝ |E3|2 = 2P0 +ms(t) + hSC(t) cos(ωTHzt), (2)

〈IPD〉 ∝ 2P0, (3)

ITHz ∝ hSC(t) cos(ωTHzt), (4)

IED ∝ h2
SC(t)

2
= 2(P 2

0 + P0ms(t)), (5)

VpSC ∝ 2P0, (6)

wherem is the modulator efficiency (in units of W/V),hSC(t) =
2
√
P 2
0 + P0ms(t) and ωTHz = ω1 − ω2.

In the D-C scheme, s(t) is encoded after optical combination
of E1 and E2, and the parameters expressed by (1) to (6) are
now given by:

E3 = E1 + E2 (7)

=
√

P0 +ms(t) (exp(jω1t) + exp(jω2t)) ,

IPD ∝ |E3|2 = hDC(t) + hDC(t) cos((ω1 − ω2)t), (8)

〈IPD〉 ∝ 2P0, (9)

ITHz ∝ hDC(t) cos(ωTHzt), (10)

IED ∝ h2
DC(t)

2
= 2(P 2

0 +m2s2(t) + 2P0ms(t)), (11)

VpDC ∝ 4P0, (12)

where hDC(t) = 2(P0 +ms(t)).
Equations (4) and (10) reveal that, when ideal IM is con-

sidered, only the S-C scheme achieves an intensity-modulated
sub-THz waveform. This has an important implication: this
scheme is immune to the signal-signal beat interference (SSBI)
that appears when the signal-signal beat products interfere with
the desired data signal in direct-detection (DD) systems. In the
D-C scheme, on the other hand, the data signal is encoded in the
electric field (and not in the intensity of the waveform) and it
suffers from SSBI (the SSBI is caused by the m2s2(t) term in
(11)). Nonetheless, when a binary square-pulse signal such as
a 2-PAM signal is considered as the data signal (i.e., as s(t)),
the signal-signal beat product (i.e., s2(t)) is a DC level that does
not interfere with the useful signal (since its frequency content
is zero). In this particular case, the D-C scheme is also free from
SSBI and a theoretical comparison between the two schemes
can be performed based on the simple mathematical analysis
provided before.

In the following subsections we compare the two schemes
when 2-PAM signals and ideal optical IM modulation are con-
sidered. We compare them taking into account three different
normalization parameters: the average photocurrent, the average
sub-THz energy and laser output power.

A. Average Photocurrent (or Average Number of Optical
Photons Injected Into the PD) Normalization

We start with 〈IPD〉 as the normalization factor because it
is the most common one when evaluating the performance of
microwave photonic systems [3], [4]. It has been shown that,
under this criterion, the average power of the two optical signals
injected into the PD should be the same in order to maximize
the wireless signal power [8]. This requirement is met in the
analysis of Section II, where 〈|E1|2〉 = 〈|E2|2〉 = P0 in both
the S-C and D-C schemes. One can see from (3), (6), (9), and
(12) that, for the same 〈IPD〉, the ratio between VpDC and VpSC

is two, meaning the D-C scheme achieves a peak voltage in the
recovered 2-PAM signal twice as high as that achieved by the
S-C scheme.

The superiority of D-C over S-C in this case is due to the
fact that modulating the second carrier comes “for free” in
terms of average photocurrent but it does, however, contribute to
increase the power of the sub-THz signal. A similar phenomenon
happens when generating sub-THz signals with ultrashort pulses
rather than through the beating of two optical frequencies. The
former technique is more efficient than the latter when both are
compared in terms of average photocurrent [9].

As IED is proportional to h2
SC(t) and this parameter depends

linearly with IPD, one would need to increase the 〈IPD〉 of the
S-C scheme by a factor of

√
2 to get the same peak voltage in the
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Fig. 2. BER vs. average photocurrent for the D-C and S-C schemes for (a)
60 GHz, (b) 79 GHz, and (c) 101 GHz transmission frequencies and a data
rate of 1.5 Gbit/s. The curve obtained by multiplying the 〈IPD〉 values of the
dual-carrier scheme by

√
2 is also plotted as reference.

recovered 2-PAM signal as that obtained with the D-C scheme.
This means that bit error rate (BER) curves of the two schemes
plotted against 〈IPD〉would be apart by a factor of

√
2 according

to this analysis.
To verify the

√
2 penalty of the S-C scheme, transmission ex-

periments were carried out using the same configuration shown
in Fig. 1. Details of all the components used in the transmission
experiments together with a picture of the arrangement can be
found in Appendix B. The optical generation units were formed
by two tunable external cavity lasers (ECLs), an electro-optic
Mach-Zehnder modulator (MZM), and an erbium-doped fiber
amplifier (EDFA) used to boost the optical power before the
PD. In the S-C modulation scheme, a second EDFA was used
after the MZM to compensate for the losses of the modulator
and match the optical power of both carriers. As mentioned in
the introduction, no spool of optical fiber was used between
the optical generation units and the PD. Note as well that both
ECLs were in free-running mode as no locking technique was
used to stabilize them. However, this is not a problem when
using envelope detection as this type of detection is immune to
phase noise.

A pair of 50 mm-wide Teflon lenses were used after the PD and
before the ED to increase the gain of the link. The separation
between these lenses was 0.9 m. After envelope detection, a
low-noise amplifier (LNA) with a gain of 30 dB and a limiting
amplifier (LA) were used to boost and reshape the received
electrical signal. After amplification, the signal was fed into a
bit error tester to compute the bit error rate (BER). The data rate
was 1.5 Gbit/s due to the limited bandwidth of the LNA, which
was 1.5 GHz. Transmission was carried out at three different
frequencies (60, 79, and 101 GHz) by tuning one of the ECLs.

Fig. 2 shows the experimental BER curves obtained for both
the D-C and S-C schemes at 60, 79 and 101 GHz. The curves
obtained by multiplying the 〈IPD〉 values of the D-C scheme
by

√
2 are also plotted as reference. A qualitative agreement

between our theoretical analysis and the experimental results
in Fig. 2 is clear: the D-C scheme performs better for a fixed

Fig. 3. Optical intensity trace of the modulated carriers in the D-C and S-C
schemes assuming an infinite extinction ratio (ER).

value of 〈IPD〉. Furthermore, there also seems to be a good
agreement between our prediction of a

√
2 penalty between the

two schemes and the experimental curves. The deviations from
theory observed in some of the points may be caused by several
factors, such as the non-linear MZM transfer curve, MZM bias
point drifts, or power imbalances between the two carriers.

B. Average sub-THz Energy (or Average Number of sub-THz
Photons Generated) Normalization

The average sub-THz energy is proportional to 〈I2THz〉, which
is equal to 2P 2

0 for the S-C scheme, and to 2P 2
0 +m2s2(t) for

the D-C scheme. To compare the performance of both schemes
under a fixed value of average sub-THz energy, it is necessary
to know the value of m2s2(t) in terms of P0. This can be easily
determined by looking at Fig. 3, where |E1|2 (and also |E2|2 in
the D-C scheme) has been plotted assuming an infinite extinction
ratio (ER). As the average level is P0, the maximum value
of |E1|2 (i.e., the value of a “1” bit) has to be equal to 2P0.
Hence, msmax = P0 and m2s2(t) = P 2

0 . This means that, in
the analysis of Section II, the average sub-THz energy in the
D-C scheme is twice as high as that in the S-C scheme. As the
peak voltage of the recovered 2-PAM signal is proportional to the
average sub-THz energy, halving the sub-THz energy in the D-C
scheme (so that both schemes have the same sub-THz energy)
would also halve VpDC making it equal to VpSC . Hence, for the
same average sub-THz energy, we expect the two schemes to
have the same performance when 2-PAM signals are employed.

C. Laser Output Power (or Average Number of Optical
Photons Emitted by Each Laser) Normalization

To see the performance of each scheme for a fixed output
power from each laser, a link budget analysis is required. For this,
the optical losses associated with each scheme need to be taken
into account. In the optical generation units depicted in Fig. 1(a)
and (b) there are two optical elements that will introduce losses:
the modulator and the optical coupler. In a more realistic link,
an optical amplifier would be included before the PD as well.
However, as it would have the same impact on the two schemes
(assuming the amplifier is operated in its linear region), it can
be omitted from the analysis and the same reasoning can be
applied to the optical coupler. The modulator, on the other hand,
is different because, depending on the scheme, it will inflict
losses in just one optical carrier or in both of them.
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TABLE I
RATIO BETWEEN VpDC AND VpSC FOR DIFFERENT NORMALIZATION

FACTORS

If both lasers in each scheme emit an optical power of P0 and
Lmod are the modulator losses, then, E3 and VpSC in the S-C
scheme are given by:

E3 = (13)
√

P0L
−1
mod + L−1

modms(t) exp(jω1t) +
√
P0 exp(jω2t),

VpSC ∝ 2P0L
−1
mod, (14)

and by:

E3 = (15)
√
P0L

−1
mod + L−1

modms(t) (exp(jω1t) + exp(jω2t)) ,

VpDC ∝ 4P0L
−2
mod, (16)

in the D-C scheme. So the ratio between VpDC and VpSC in
this case is equal to 2L−1

mod. Hence, the S-C scheme will perform
better than the D-C scheme if the total losses from the modulator
are higher than 3 dB. This is, for instance, the case for all MZMs
with non-zero insertion losses (since the losses associated with
the bias point for IM are already 3 dB).

From Sections II-A, II-B and II-C, it is clear that the su-
periority of one scheme or the other really depends on the
normalization factor that is used for comparison. As a summary,
Table I shows the ratio between VpDC and VpSC for each
normalization factor discussed in this paper.

III. M-PAM MODULATION WITH AN MZM

In the previous sections, ideal IM was assumed. In reality,
intensity modulators do not have a linear transfer function and
the achieved modulation deviates from ideal IM. In this section,
we perform simulations to take into account the transfer curve
of a MZM and compare the S-C and D-C schemes under three
different modulation formats: 2-, 4- and 8-PAM.

As mentioned in Section II, when ideal IM is assumed, the
S-C scheme does not suffer from SSBI, whereas the D-C scheme
is always subjected to SSBI unless the transmitted signal is a
2-PAM signal. Although the MZM cannot achieve ideal IM due
to its non-linear transfer curve, we still expect the SSBI to have a
higher impact on the D-C scheme. As this impact will be higher
for higher modulation formats (which are more sensitive to noise
and distortion), it is reasonable to expect that the 3 dB penalty
exhibited by the S-C scheme under photocurrent normalization
will vanish (or even revert) as the modulation order increases.

The configuration of the simulations designed to verify this
hypothesis is shown in Fig. 4. A pair of root raised cosine
(RRC) filters with a roll-off factor of 1 are employed to limit
the bandwidth of the wireless signals. A symbol rate of 10 GBd
is employed, giving gross data rates of 10, 20 and 30 Gbit/s

Fig. 4. Configuration of the simulations.

Fig. 5. Optimum-bias-point BER results for the S-C and D-C schemes as
a function of the recovered signal SNR (1st column), and as a function of
〈IPD〉 (2nd column) and for 2-, 4- and 8-PAM signals (1st, 2nd, and 3rd rows
respectively). In Fig. 5(b), the curve obtained by multiplying the 〈IPD〉 values
of the D-C scheme by

√
2 is also plotted as reference. It can be seen that our

prediction based on ideal IM matches quite good with the result obtained with
MZM modulation.

when 2- 4- and 8-PAM, respectively, signals are simulated. The
simulations were run with a normalized signal amplitude of 0.35
(i.e., dm

Vπ
= 0.35, where dm is the amplitude of the driving signal

and Vπ is the π voltage of the MZM). The normalized bias
point (Ub

Vπ
, where Ub is the biasing point voltage) was varied to

find the optimum one for each modulation order and scheme. In
Fig. 5, only the results associated with the optimum bias point
are shown. The complete results are shown in Appendix B in
Fig. 7.
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The S-C and D-C schemes are compared in terms of the signal-
to-noise ratio (SNR) of the signal recovered by the ED and also in
terms of the average photocurrent in the PD. The former is set by
varying the amplitude of receiver noise. The latter is calculated
based on the SNR by using the following relation for the S-C
scheme:

〈IPD〉 ∝
4
√
SNR ·√〈h2

SC(t)〉
4
√

h4
SC(t)

, (17)

where SNR is the SNR of the recovered signal, hSC(t) is the
amplitude of ITHz , and by using:

〈IPD〉 ∝
4
√
SNR · 〈hDC(t)〉

4
√

h4
DC(t)

, (18)

for the D-C scheme, where hDC(t) is the amplitude of the RF
signal generated with the D-C scheme.

Equations (17) and (18) can be easily derived by noticing that
a 〈IPD〉-normalized sub-THz signal recovered by an ED will
produce the following current signal:

IED ∝ h2
SC(t)

〈h2
SC(t)〉

, (19)

in the S-C scheme, and the following signal:

IED ∝ h2
DC(t)

〈hDC(t)〉2 , (20)

in the case of D-C modulation.
Fig. 5 shows the results of the simulations. The left column

plots the BER results as a function of the SNR in the signal
recovered by the ED. The right column plots the same BER
results but now as a function of the parameter given by (17)
and (18). This parameter is proportional to the actual current
that would be produced in an ED but is dimensionless because
the specific value depends on various parameters such as PD
responsivity, wireless attenuation, antenna gains, etc.

A. SNR Normalization Comparison (I.e., Fig. 5(a), (c), and
(e).)

For 2-PAM, both schemes have the same performance when
compared in terms of SNR as predicted in Section II-B. However,
for 4-PAM and especially for 8-PAM, the S-C scheme outper-
forms the D-C scheme. We attribute this to the S-C scheme
having less SSBI. A way to mitigate the SSBI is by increasing
the carrier-to-signal power ratio (CSPR) [10]. In a MZM, this
can be done by decreasing the normalized bias point. Systems
affected by SSBI, hence, have a lower optimum bias point than
those that are not. It can be seen from Fig. 7 (see Appendix B)
that the D-C scheme has a lower optimum bias point for all
modulation orders except for M = 2. This agrees with what
was said in Section II about 2-PAM signals being immune to
SSBI and also confirms our hypothesis that the S-C scheme is
less affected by the SSBI even when taking into account the
non-linear response of the MZM. When the CSPR is increased
to combat the SSBI, the system become less efficient because a
bigger part of the signal power is wasted in the carrier, which
does not convey information. This leads to a penalty in the BER
for a normalized signal power.

Fig. 6. Arrangement used for the experimental comparison between the D-C
and S-C schemes.

B. 〈IPD〉 Normalization Comparison (I.e., Fig. 5(b), (d), and
(f).)

For 2-PAM, since there is no SSBI, the D-C scheme per-
forms better than the S-C scheme as expected. However, it can
be seen from Fig. 5(d) and (f), that, as the modulation order
increases, the penalty between the two schemes reduces. For
4-PAM modulation (Fig. 5(d)), the penalty between the two
schemes almost vanishes, and for 8-PAM (Fig. 5(f)), the penalty
actually reverts, meaning the S-C scheme performs better than
the D-C scheme. This happens because increasing the CSPR
also increases 〈IPD〉. Therefore, decreasing the bias point of
the MZM to combat the SSBI also leads to a penalty in terms of
〈IPD〉.

IV. CONCLUSION

In this manuscript, we show that the superiority of the S-C or
D-C scheme depends on the normalization factor employed for
comparison and also on the modulation order of the transmitted
signal. By assuming ideal IM, we develop a mathematical anal-
ysis that reveals that the D-C scheme, unlike S-C modulation,
is subjected to SSBI unless the transmitted signal is a 2-PAM
signal. When this type of signal is considered and 〈IPD〉 is taken
as the normalization factor, the D-C scheme exhibits a 3-dB
gain in the peak voltage of the recovered signal. However, the
analysis reveals that equal performance should be obtained when
these schemes are compared in terms of transmitted sub-THz
energy and that the S-C scheme should achieve better results
when the comparison is made in terms of the output power
of the lasers. When the transfer curve of a MZM is taken into
account, our simulation results show that the penalty suffered by
the S-C scheme under photocurrent normalization progressively
vanishes as M increases, until it reverts for 8-PAM signals. We
attribute the deterioration of the D-C scheme with higher M to
the SSBI.

APPENDIX A
EXPERIMENT DETAILS

The details of the components used in the transmission exper-
iments are given in Table II, and a picture of the experimental
arrangement is shown in Fig. 6.
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Fig. 7. Complete results of the simulations. The legend shows the normalized bias point. 1st, 2nd, and 3rd rows show the results for 2-, 4-, and 8-PAM signals,
respectively.

TABLE II
TRANSMISSION COMPONENTS DETAILS

APPENDIX B
RESULTS OF SIMULATIONS

Fig. 7 shows the complete results of the simulations. We must
note that, in the simulations, an infinite optical bandwidth from

the MZM was assumed. This is particularly relevant for the D-C
scheme, where two optical tones separated by ωTHz are modu-
lated simultaneously. In reality, the Vπ of a MZM depends on the
optical wavelength. This dependency can introduce distortion
and reduce the spurious free dynamic range (SFDR) when two
optical wavelengths with a large offset are modulated with a
fixed bias. However, it has been shown that, for commercial
modulators and SFDRs as high as 80 dB, this wavelength offset
can be as large as 13 nm [13], which is a bandwidth far beyond
the sub-THz range.
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