
7276 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 23, DECEMBER 1, 2023

Dual-Wavelength-Modulation mm-Wave and THz
Systems: Analysis and Experimental Demonstration

At 60 GHz With a Gain-Switched Laser
Luis Gonzalez-Guerrero , Amol Delmade , Member, IEEE, Devika Dass ,

Colm Browning , Senior Member, IEEE, Liam Barry , Senior Member, IEEE, Frank Smyth, Horacio Lamela ,
and Guillermo Carpintero , Senior Member, IEEE

Abstract—Dual-wavelength-modulation (dual-λ-mod) photonic
mm-wave/THz transmitters are an attractive alternative to conven-
tional heterodyne systems for their simplicity. In this article, dual-
λ-mod systems are analysed, paying special attention to the impact
of fiber dispersion and signal-signal beat interference. In contrast
to what has been reported in the literature, it is concluded here
that dual-λ-mod systems based on optical double sideband (DSB)
modulation are subjected to power fading, rendering them useless
for high-speed mm-wave/THz communications. To solve this, the
use of optical single sideband (SSB) modulation – which is immune
to power fading – is proposed here. Using a gain-switched (GS)
laser, a 60-GHz SSB dual-λ-mod system transmitting 2.5-GBd 16-
QAM signals is demonstrated experimentally. A penalty of around
2.8 dB is measured with respect to the conventional dual-path
heterodyne transmitter over optical B2B and 10-km transmission.
The reduction in complexity enabled by the demonstrated system
aids in the deployment of cost-effective mm-wave/THz networks.

Index Terms—Mm-wave communications, THz communicat-
ions, microwave photonics, radio-over-fiber.

I. INTRODUCTION

MM-WAVE (30 GHz–300 GHz) and THz (100 GHz–
1 THz) bands have atmospheric transmission windows

(i.e., parts of the electromagnetic spectrum where the atmo-
spheric attenuation is low) with bandwidths of several tens of
GHz. These bands are considered a key resource to combat the
spectrum congestion at lower radio frequencies (RFs). Hence,
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Fig. 1. Comparison between photonic transmitters for the generation of mod-
ulated mm-wave/THz carriers and their associated signal spectrum at different
points. THz: mm-wave/THz frequency, VOA: variable optical attenuator, PC:
polarization controller, IF: intermediate frequency, CW: continuous wave, SSBI:
signal-signal beat interference. (a) Dual-optical path system (conventional het-
erodyne system). (b) Single-optical path system (dual-A-mod system).

mm-wave/THz communications have become a very active re-
search topic in the past few years [1], [2], [3], [4]. The highest
transmission rates reported in these bands have been enabled
by coherent photonic systems supporting complex modulation
formats [5]. The conventional photonic approach to generate
modulated mm-wave/THz carrier frequencies is based on the
dual-path heterodyne system shown in Fig. 1(a). In this system,
two correlated optical lines from a dual-λ generator are first
demultiplexed, one of them is then modulated with the data,
whereas the other one is left unmodulated to act as an optical
local oscillator (LO). The modulated optical signal and the LO
are then recombined and sent to the photodiode (PD), where
they are mixed together producing the mm-wave/THz signal.
This arrangement presents several problems [6]: first, as both
lines travel through different optical paths, they can become
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decorrelated, increasing the phase noise of the generated mm-
wave/THz signal. An optical delay line or more complex tech-
niques [7] are required to mitigate this effect. Second, this
arrangement needs an optical wavelength demultiplexer and
a coupler to split and then recombine the two optical lines.
Furthermore, the need to match both the polarization state and
the power level of both signal arms makes the system rather
complex.

All these problems can be solved by using a photonic trans-
mitter with a single optical path as the one depicted in Fig. 1(b).
In this system, the two optical tones from a dual-λ generator
are modulated with the same data. Hence, this system is here
referred to as a dual-λ-mod system. This system is similar to
optical carrier-suppressed (OCS) systems but has two funda-
mental differences: first, in dual-λ-mod systems, phase data
is suppressed upon photodetection (in OCS systems phase is
doubled); second, the transmission frequency in dual-λ-mod
systems is not limited by modulator bandwidth. This last feature,
make dual-λ-mod systems more attractive for mm-wave/THz
communications than OCS systems. The suppression of the
phase data in dual-λ-mod systems represents a problem for
the transmission of complex signals (i.e., signals with phase
modulation). However, there are modulation techniques that
allow to retrieve phase information in dual-λ-mod systems. One
of the most popular such techniques consists on upconverting
the complex signal into an intermediate frequency (IF) and then
modulating it into the amplitude or intensity envelope of the
optical signal [6].

Given their simplicity compared to conventional heterodyne
systems (i.e., the system in Fig. 1(a)) and their easy scalability to
high transmission frequencies, dual-λ-mod systems are a very
interesting option for mm-wave/THz high-speed communica-
tions systems. In this article, dual-λ-mod systems are analysed in
detail through both simulations and experimental transmissions.
The structure of the paper is as follows:
� Section II discusses two impairments associated with dual-

λ-mod systems: power fading due to optical dispersion and
the signal-signal beat interference (SSBI).

� Section III presents possible wireless receiver arrange-
ments for dual-λ-mod systems and reviews notable trans-
mission experiments published in the literature.

� Section IV shows the experimental results obtained for a
60-GHz system based on a gain-switched (GS) laser to-
gether with its comparison with a conventional heterodyne
system.

� Section V summarizes the main conclusions of the paper.

II. TRANSMISSION CONSIDERATIONS

A. Optical Dispersion

Most of the reported experiments on dual-λ-mod systems
are based on double sideband with carrier (DSB-C) optical
modulation. Hence, most of the studies on the effect of fiber
dispersion in dual-λ-mod systems have focused on this type of
modulation [8], [9], [10]. To easily understand the implications
of dispersion on DSB-C dual-λ-mod systems, one can analyze

the case where the modulating signal is a continuous wave (CW)
signal. Fig. 2(a) shows the generated optical spectrum in this
case for an angular CW frequency of ωIF . As can be seen, there
are four identical sidebands and two optical carriers. The phase
shifts undergone by each of these spectral components due to
the group velocity dispersion (GVD) of fiber are also shown
in Fig. 2(a). If one now looks at the mm-wave/THz spectrum,
it can be seen that the amplitude of the central carrier (the one
with an angular frequency ofωTHz after photodetection) is fixed
and does not depend on the GVD phase shifts. This is because
this carrier is the product of a single beating and, hence, no
interferometric effect occurs upon photodetection. According
to this, it could be concluded that DSB-C dual-λ-mod systems
do not suffer from power fading. This is the analysis presented
in [8], where the authors state that DSB-C systems are immune
to this undesired feature. This analysis, however, does not take
into consideration the modulation sidebands.

If one now looks at the mm-wave/THz data sidebands (the
ones with angular frequencies of ωTHz ± ωIF after photode-
tection), it can be seen that each of them is the sum of two
carrier-sideband beatings. This makes both sidebands have
a dispersion-induced amplitude envelope (cos(φ3 − φ2) for
the low-frequency sideband and cos(φ1 − φ2) for the high-
frequency one) that depends on the GVD phase shifts ϕ1, ϕ1,
and ϕ3. These, in turn, depend on the transmission length l, the
frequency separation between the two carriers ωTHz , and ωIF .
Taking the high frequency sideband as an example, since φ1 =
(−β2/2)(ωTHz/2 + ωIF )

2 l and φ2 = (−β2/2)(ωTHz/2)
2 l

(where β2 is the GVD of fiber), the dispersion-induced am-
plitude term cos(φ1 − φ2) is equal to cos((−β2/2)(ω

2
IF +

ωIF ωTHz)l). This is the same result given in 12 of [9]. On the
other hand, as shown in Fig. 2(b), optical SSB formats prevent
the occurrence of power fading in dual-λ-mod systems. This
is because all components in the mm-wave/THz signal are the
result of a single PD beating.

The effect of dispersion on dual-λ-mod systems can be seen in
Fig. 3, which shows the mm-wave/THz spectrum obtained with
simulations for (a) optical DSB-C modulation and (b) optical
SSB-C modulation (the parameters used in the simulations are
detailed in the caption of the figure). As expected, the mm-
wave/THz sidebands obtained with optical DSB-C modulation
exhibit the dips associated with power fading. As these side-
bands convey all the information and are the only PD output
that matters for communication, the authors of this manuscript
believe it is more accurate to regard dual-λ-mod DSB-C systems
as systems with power fading. The only difference between
the system analyzed in [8] and the ones discussed here is that,
in [8], real baseband modulation is assumed (i.e., ωIF = 0).
Such signals will also exhibit the dips associated with power
fading, however, as discussed at the beginning of this section,
these dips will never occur at the central carrier of the generated
mm-wave/THz signal (since it is the product of a single PD
beating). Of course, for baseband or low-ωIF narrow-bandwidth
DSB-C signals, only very long distances of fiber will lead
to power dips. However, given the high transmission speeds
envisaged for mm-wave/THz communications, power fading is
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Fig. 2. Phase shifts caused by fiber GVD in dual-λ-mod systems when (a) DSB modulation and (b) SSB modulation are used.

Fig. 3. Spectrum of the mm-wave/THz signal generated when optical (a)
DSB-C and (b) SSB-C modulation are used. In both cases the following param-
eters were used in the simulations: fTHz = 90 GHz, fIF = 1.5 × BW, BW =
11 GHz, and l = 10 km, where fTHz = (2π)−1ωTHz , fIF = (2π)−1ωIF ,
and BW is the passband bandwidth of the electrical data signal (which in the
simulations was a 10-GBd 16-quadrature amplitude modulation signal with a
Nyquist roll-off factor of 0.1).

likely to occur if DSB modulation is employed. Since optical
SSB formats prevent the appearance of power fading (as can be
seen in Fig. 3(b)), they may be more relevant for implementation
in dual-λ-mod systems.

B. SSBI

When the optical signal from a dual-λ-mod system is detected
by a PD, apart from the carrier-sideband and carrier-carrier
beatings depicted in Fig. 2, the optical sidebands also beat
with each other. The resultant products from these beatings are
typically referred to as SSBI.

When optical SSB-C modulation is used, only one such a
signal-signal beating occurs. Its associated SSBI spectrum ap-
pears centered around the mm-wave/THz carrier and between
the two data sidebands as shown in Fig. 3(b). In the case of
DSB-C modulation, there are four signal-signal beatings, and
their SSBI spectrum appears around the two data sidebands as
shown in Fig. 3(a). The center SSBI lobe is the result of two
signal-signal beatings, whereas the two SSBI lobes at the sides
are formed by just one beating product each. In any case, the
bandwidth of an SSBI lobe is always equal to 2 × BW, where
BW is the bandwidth of the optical sideband.

SSBI distorts the mm-wave/THz waveform and can prevent
the successful recovery of the information if appropriate tech-
niques to mitigate it are not adopted. One of the most popular
such a techniques is allowing a guard band (GB) between the
optical sideband and the optical carrier. When the GB band-
width is equal to the BW, the SSBI products and the resultant
mm-wave/THz data sideband do not overlap and the SSBI can
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Fig. 4. Impact of GB bandwidth on SSBI mitigation in dual-λ-mod systems.
Normalized GB is defined as the bandwidth of the GB divided by BW.

be filtered out completely at the receiver as shown in Fig. 4.
The increased system sensitivity obtained by allowing a GB
between the optical carrier and sideband, however, comes at the
expense of reduced mm-wave/THz bandwidth efficiency. If a GB
equal to BW is employed to fully mitigate the SSBI, then, the
dual-λ-mod system is four times less spectrally efficient than
the conventional heterodyne system depicted in Fig. 1(b). In
situations where the mm-wave/THz bandwidth is limited, the
bandwidth efficiency of a dual-λ-mod system can be doubled
by no using a GB. Although doing this leads to lower sys-
tem sensitivity due to the presence of SSBI, there are digital
SSBI-mitigation algorithms that can be used to improve the
performance of a system under this circumstance. As explained
in [6], one of the most promising algorithms for dual-λ-mod
systems is the transmitter-based pre-distortion. The advantage
of this technique over receiver-based algorithms [11] is that it
mitigates the SSBI before the interference arises, and therefore
it minimizes the amount of unwanted signal that gets transmitted
over the wireless channel (as a side comment: in order for
this algorithm to work in dual-λ-mod systems, a chromatic
dispersion pre-equalization filter needs to be implemented at
the transmitter after the SSBI-compensation algorithm).

A key aspect for maximizing a dual-λ-mod system sensitivity
– sensitivity here defined in terms of the average optical power
required in the PD to produce a certain bit error ratio (BER) –
is the carrier-to-signal power ratio (CSPR). CSPR is defined as
the power ratio between an optical carrier and its respective data
sidebands (i.e., two in the case of DSB modulation or just one for
SSB modulation). CSPR is typically controlled by adjusting the
optical modulator settings. Since both optical tones go through
the same optical modulator in a dual-λ-mod system, the two
resultant optical signals have exactly the same CSPR. This is
why, in this article, CSPR is referred to in the singular form.
As there is always an optimum value of CSPR, which depends
on the amount of SSBI-sideband overlap and the noise level in
the recovered signal [12], adjusting it is vital to achieve the best
system performance.

III. RECEIVER CONFIGURATIONS AND PREVIOUS

DEMONSTRATIONS

In this section, the possible wireless receiver configurations
for mm-wave/THz single-path systems are discussed and then
system demonstrations reported in the literature are reviewed.

Fig. 5. Wireless DSB receivers: (a) homodyne, (b) intradyne, and (c) hetero-
dyne.

TABLE I
DUAL-λ-MOD SYSTEMS REPORTED IN THE LITERATURE

The mm-wave/THz signal generated by a dual-λ-mod system
is always a DSB-C signal regardless of the optical modula-
tion (i.e., both optical DSB-C and optical SSB-C modulation
will produce a DSB-C signal after photodetection). Hence, the
typical DSB receivers employed in wireless communications
– homodyne, intradyne, and heterodyne – can be used for
down-conversion. The configuration of each of these receivers is
shown in Fig. 5. Both homodyne and intradyne can achieve better
sensitivity compared to heterodyne downconversion. However,
homodyne reception requires a carrier recovery circuit and it
is subjected to power fading (even if optical SSB-C formats
are used [6]). The intradyne receiver, on the other hand, does
not exhibit power fading but requires an IQ demodulator oper-
ating at the mm-wave/THz frequency and two analog-to-digital
converters (ADCs). Heterodyne down-conversion, although less
sensitive, is much simpler to implement and is robust against
power fading.

Table I shows some of the mm-wave dual-λ-mod systems
reported in the literature to date. Although optical DSB-C mod-
ulation is used in the four experiments shown in Table I, no power
fading effects are reported in any of them. In [13] and [14] this
is believed to be due to the low values of ωTHz , ωIF and l
(i.e., the mm-wave/THz frequency, the modulating frequency,
and the SMF length) used in the experiments, which make the
effects of power fading to be very mild. This can be seen in
Fig. 6, where the estimated sideband attenuation due to power
fading (according to the analysis presented in Section II-A) is
plotted for different values of fIF (where fIF = (2π)−1ωIF ).
As can be seen, in Fig. 6(a) and (b) (which correspond to the
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Fig. 6. Estimated mm-wave/THz sideband attenuation due to power fading
for the conditions reported in the four experiments shown in Table I: (a)
ωTHz = 25GHz and l = 20 km; (b) ωTHz = 25.5GHz and l = 10 km; (c)
ωTHz = 40GHz and l = 55 km; and (d) ωTHz = 90GHz and l = 20 km.
Sideband attenuation values are estimated based on the analysis presented in
Section II-A. The grey-filled rectangles represent the allocation of the transmit-
ted signal. fIF = (2π)−1ωIF .

transmission conditions reported in references [13] and [14]), the
attenuation is quite low. On the other hand, in Fig. 6(c) and (d)
(which correspond to the conditions reported in references [15]
and [10]) the effect of power fading is much more notorious.
Indeed, these two references describe severe signal degradation
under such conditions, but they attribute it (the analysis of the
system in [15] is performed in [8]) to the first-order term in
the Taylor series expansion of the propagation constant (i.e., the
one defined by the group velocity) and not to the second order
term (i.e., the one defined by the GVD). This is because these
references only consider the optical carriers – and not the data
sidebands – in their analysis. This, however, yields erroneous
results when the values ofωTHz ,ωIF , and l are high as explained
in Section II-A.

Whereas homodyne downconversion is used in most exper-
iments shown in Table I, no carrier recovery circuit is imple-
mented in any of them. References [10] and [14] reuse the
transmitter LO for downconversion, and [15] uses a free-running
LO. In a practical system, a mm-wave/THz carrier recovery
circuit would be required as outlined in [10]. This, however, may
be challenging to implement, especially at THz frequencies. As
an alternative to the receiver schemes shown in Fig. 5, envelope
or self-homodyne detection can be employed to avoid the use of a
receiver LO [16]. However, this reduces system sensitivity [17].
It is not clear what type of receiver configuration is used in [13],
but the fact that there is no mention to LO reuse or recovery
circuit suggests a heterodyne approach.

IV. EXPERIMENTAL DEMONSTRATION AT 60 GHZ WITH A

GAIN-SWITCHED LASER

In this section, experimental results of a dual-λ-mod system
operating at 60 GHz are presented. To avoid power fading
effects, optical SSB-C modulation is employed. The system is
characterized in terms of the BER against the average optical
power injected in the PD (Pin). Results are measured for optical

Fig. 7. Experimental arrangement for 60-GHz transmission with a dual-λ-mod
system and SSB bias-offset modulation. The insets show the spectrum of: (i) GS
laser output, (ii) wavelength selective switch (WSS) output, (iii) IQ modulator
output, and (iv) down-converted signal.

back-to-back (B2B) transmission and for SMF lengths of 10 km
and 25 km. Heterodyne reception is used to minimize receiver
complexity. An experimental comparison with a conventional
heterodyne photonic system (i.e., the one shown in Fig. 1(a)) is
also carried out.

A. Experimental Arrangement

The dual-λ-mod system arrangement is shown in Fig. 7. The
dual-λ generator comprised a gain-switched (GS) laser and a
wavelength selective switch (WSS). The former, which was
based on the direct modulation of an off-the-shelve distributed
feedback (DFB) laser, was driven by a CW signal with a fre-
quency of 20 GHz. Hence, the GS-laser output – shown in
Fig. 7(a) inset (i) – consisted on multiple optical tones separated
by 20 GHz. The optical linewidth of the GS laser tones was
around 30 MHz. The WSS was used to select two optical lines
from the GS-laser output with a frequency separation of 60 GHz.
The two selected lines were then directed to a single WSS output
port. The WSS output spectrum is shown in Fig. 7 inset (ii),
where it can be seen that the unwanted tones were suppressed
by about 40 dB relative to the two carriers used for transmission.

The two selected lines were passed through an IQ Mach-
Zehnder modulator (MZM) for optical modulation. In the ex-
periment, the CSPR was set by adjusting the bias levels of
the two inner MZMs in the IQ modulator and was measured
with a high-resolution optical spectrum analyzer (OSA) after the
IQ-MZM as shown in Fig. 7. The SSB-C signal was generated by
passing the output signal from the arbitrary waveform generator
(AWG) through a 90◦ hybrid, whose outputs were used to drive
the I and Q inputs of the IQ modulator. To ensure maximum
sideband suppression in the generated SSB-C signal, the bias
level of the outer MZM in the IQ modulator was set at quadrature.
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Fig. 8. Results for optical B2B transmission: (a) BER vs. Pin curves for a
normalized GB of 1 and different CSPRs, (b) experimental and simulation-
obtained Pin penalty at the FEC limit for different CSPR values, and (c) BER
vs. Pin curves for a normalized GB of 0.64.

The IQ modulator output for a CSPR of 0 dB is shown in Fig. 7
inset (iii).

A commercial PD was used for generation of the 60-GHz sig-
nal, which was subsequently amplified and then down-converted
to an IF by using a heterodyne-based receiver formed by an LO
and a Schottky diode-based mixer. After digitization of the re-
ceived signal in an oscilloscope, a standard coherent digital sig-
nal processing (DSP) routine – consisting of down-conversion,
matched filtering, equalization, and phase noise compensation
– was employed for demodulation and BER measurement.

The transmitted signal was a 16-quadrature amplitude modu-
lation (16-QAM) root-raised-cosine (RRC) signal with a symbol
rate of 2.5 GBd. As can be seen in Fig. 7 inset (iv), which
presents the 60 GHz signal downconverted to an IF of 6 GHz
after beating with a 54 GHz LO, the total bandwidth of the
60-GHz signal was 11 GHz. Since a heterodyne receiver was
used in the experiments, only the high-frequency sideband from
the transmitted 60-GHz signal was digitally demodulated. This
sideband was used due to its slightly better BER performance
than its low-frequency counterpart. The worse performance at
low frequencies is attributed to the higher noise figure of the
receiver amplifier near DC.

B. Results for B2B Transmission

Fig. 8 shows the results for B2B transmission. Two different
normalized GBs (normalize GB is defined as the bandwidth of
the GB divided by BW) were tested in this case: 1 and 0.64.
The latter was the minimum allowed by the bandwidth of the
RF 90◦-hybrid used to generate the SSB signal. Fig. 8(a) shows
the BER results for a normalized GB of 1 and different CSPRs.
At a Pin above −8 dBm, the PD saturates and makes the system
nonlinear. In the linear PD regime, optimum performance is
obtained for a CSPR of 0 dB, and then the performance degrades
for higher and lower CSPRs. Fig. 8(b) plots thePin penalty at the

Fig. 9. Spectrum of the down-converted electrical signal for: (a) B2B, (b)
10-km, and (c) 25-km SMF transmission.

FEC limit for different CSPRs obtained experimentally and also
in simulations. As can be seen, there is a good match between
them. In the simulations, thermal receiver noise was assumed to
dominate over other noise sources such as those discussed in [18]
or PD shot noise. This is typically the case in high-frequency
wireless systems, where transmitter noise is strongly attenuated
by the free-space and mixer down-conversion losses. In spite
of not having wireless transmission (and, hence, not being
subjected to free-space losses), it seems, according to Fig. 8(b),
that the experimental arrangement depicted in Fig. 7(b) was
accurately modeled by the simulations.

Fig. 8(c) shows the BER results for a normalized GB of 0.64.
In this case, the intersection of the BER curves with the FEC limit
is very close to the PD saturation regime making the quantitative
comparison with simulations (where a linear link was assumed)
more difficult. In any case, from a qualitative point of view,
the results shown in Fig. 8 agree with heterodyne theory, which
states that low CSPRs perform better at low Pin but worse at
high values of Pin [12].

C. Results for 10-Km and 25-Km Transmission

All results shown in this section were obtained for an SSB-C
signal with a normalized GB of one and a CSPR of 0 dB. Fig. 9
shows the down-converted electrical spectrum (i.e., taken at
point iv in Fig. 7) of the transmitted signal for three different
SMF transmission lengths: B2B, 10 km, and 25 km. As can
be seen, no power dips are present, confirming the robustness
of SSB formats against power fading in dual-λ-mod systems.
Fig. 10(a) shows the BER curves for each transmission distance.
It can be seen that almost identical performance is obtained for
the B2B and 10-km cases. On the other hand, a ∼2 dB penalty
is observed for the 25-km transmission. This penalty arises due
to the decorrelation suffered by the two optical tones from the
dual-λ-mod source upon fiber propagation, which progressively
increases the phase noise of the generated 60-GHz signal. This
can be seen in Fig. 10(b), where the phase noise of the received
60-GHz signal (when no data was modulated into the system)
is shown for each SMF transmission length. As can be seen, for
frequencies higher than 100 MHz, the phase noise for 25 km
is around 5 dB higher than that for B2B and 10 km. The
constellation diagram for 25 km in Fig. 10(a) shows how this
increase in phase noise distorts the received symbols (especially
those in the outer constellation rings), increasing the BER.

As decorrelation is higher for sources with wider optical
linewidths, a lower penalty could be obtained for 25 km by
injection locking the GS source to a low-linewidth master laser
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Fig. 10. (a) BER vs. Pin curves for B2B, 10 km, and 25 km of SMF
transmission and the associated constellation diagrams for a Pin of −8 dBm;
and (b) phase noise in the received signal for each different SMF transmission
length.

as in [19]. This would reduce the linewidth of the optical tones
from 30 MHz to less than 1 MHz ensuring a longer coherence
length and excellent correlation between them even after 25-km
transmission. Nevertheless, Fig. 10(a) shows how, even for a
transmission length of 10 km, a simple dual-λ-mod source
generated using the direct modulation of a cost-effective DFB
laser yields good system sensitivity.

D. Comparison Between dual-λ-Mod and Conventional
Heterodyne Systems

Fig. 11(a) and (b) show the optical transmitter configurations
for the dual-λ-mod and conventional heterodyne systems, re-
spectively. As can be seen, compared to the former, the conven-
tional heterodyne system requires the addition of the following
components: two narrow-band filters, a tunable optical delay
line, two 3-dB couplers, and a polarization controller. This
increases considerably the overall system complexity and also
its associated loss. Another difference is that, in the conventional
heterodyne system, the bias levels of the two inner MZMs in the
IQ modulator need to be set at the minimum transmission point
in order to suppress the optical carrier. This supression can be
seen in the inset of Fig. 11(b), which shows the optical spectrum
at the output of the conventional heterodyne transmitter.

Fig. 12(c) shows the BER curves of the two systems for
the three different SMF transmission lengths: B2B, 10 km,
and 25 km (the dual-λ-mod BER curves are those shown in
Fig. 10(a)). Regarding the conventional heterodyne system, BER
curves for all SMF lengths exhibit the same performance. This is
because such a system allows for the compensation of the decor-
relation between optical tones arising from SMF transmission
through the tunable optical delay line (albeit at the expense of
additional complexity and the requirement for optimum delay
calculation) [20]. APin penalty of around 2.8 dB at the FEC limit
was obtained between the two systems for B2B transmission.
This agrees quite well with simulation results, which predict a
3-dB penalty between them as shown in Fig. 12(b). The main

objective of the simulations was to confirm the relative penalty
between the two systems, rather than replicate absolute system
performances. This is why the x axis in Fig. 12(b) is given in
a variable proportional to Pin (in dB) and not in optical power
(absolute optical power values depend on various factors – such
as PD responsivity, receiver losses, amplifier gains, etc. – which
were not included in the simulations).

Following the analysis presented in the supplementary infor-
mation of [6], for both the SSB-C dual-λ-mod and conventional
heterodyne systems, it is relatively straightforward to prove
the following statement: when the CSPR is set to 0 in an
SSB-C dual-λ-mod system, the amplitude of each generated
mm-wave/THz sideband is half the amplitude of the data signal
generated by the conventional transmitter (assuming a fixed
value of Pin in both systems). This means that each sideband of
the mm-wave/THz signal generated with a dual-λ-mod system
has four times less power than the mm-wave/THz data signal
generated with the conventional transmitter (since power is
proportional to the square of the amplitude). Since received
electrical power is proportional to mm-wave/THz power, if a
heterodyne receiver is employed in both systems (i.e., only one
sideband is used for demodulation in the dual-λ-mod system),
the electrical signal-to-noise ratio (SNR) in the dual-λ-mod
system will be four times less than that in the conventional
system (assuming both systems are receiver-noise limited so that
electrical SNR is determined by downconverted sideband power
and receiver noise). Hence, the mm-wave/THz power in the
dual-λ-mod system would need to be increased by four in order
to match the electrical SNR of the conventional system. Since
mm-wave/THz power is proportional to the square of the optical
power detected by the PD, increasing by four the mm-wave/THz
power corresponds to doubling the optical power, which is why
there is a 3-dB Pin penalty between the two systems.

On the other hand, if a homodyne receiver as the one depicted
in Fig. 5(a) is used in both the conventional and dual-λ-mod
systems, then both systems should exhibit the same performance
for B2B optical transmission. This is because this receiver would
yield the same performance for the conventional system but
would increase the electrical SNR achieved with the dual-λ-
mod system by four (since both sidebands would be coherently
added, doubling the amplitude of the downconverted sideband).
However, this receiver would make the dual-λ-mod system
susceptible to power fading, rendering it impractical for long
optical transmission distances. If an intradyne receiver is used,
there should be a 1.5-dB Pin penalty between the two schemes
since receiver noise bandwidth and, hence, receiver noise power
– rather than amplitude – would be half for the conventional
transmitter. In this case, however, the dual-λ-mod would not
suffer from power fading.

Dual-λ-mod systems, hence, can yield similar performance as
conventional heterodyne transmitters while greatly reducing the
system complexity. As outlined at the beginning of this section,
the conventional transmitter required the addition of two narrow-
band filters, a tunable optical delay line, two 3-dB couplers,
and a polarization controller. The cost of all these components
amounts to several thousands of euros, however it is complicated
to estimate the cost difference between the two systems if both
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Fig. 11. Experimental arrangement, optical spectrum generated by (a) the dual-λ-mod and (b) conventional heterodyne system, and electrical spectrum of the
downconverted signal after 25 km of SMF for (a) the dual-λ-mod and (b) conventional heterodyne system.

Fig. 12. BER vs. Pin curves for both systems (a) experimental results for
different SMF transmission lengths and (b) simulation results for optical B2B
transmission.

are integrated in a photonic chip, as such a cost difference would
depend heavily on volume. In spite of this, it is clear that the
lower chip area required by the dual-λ-mod system can led to
massive cost savings if both are to be produced on industrial
scales.

V. CONCLUSION

The implementation of cost-efficient optical systems for the
generation of mm-wave and THz signals is of paramount impor-
tance for the dense deployment of wireless systems. Due to their
simplicity, dual-λ-mod photonic mm-wave/THz transmitters are
an attractive alternative to conventional heterodyne systems.
In this article, dual-λ-mod systems are analysed both through
simulations and experimentally. The main impairments affecting
these systems – optical dispersion and SSBI – are discussed. It
is concluded that dual-λ-mod systems employing optical DSB
formats do suffer from power fading. Optical SSB formats, on
the other hand, prevent the appearance of power fading and are a

good candidate for high-speed dual-λ-mod systems. Using a GS
laser, a 60-GHz SSB dual-λ-mod system transmitting 2.5-GBd
16-QAM signals is demonstrated. APin penalty of just 2.8 dB is
measured with respect to the conventional heterodyne transmit-
ter at a BER of 10−3 for optical B2B and 10 km transmission. It
is also discussed how the employment of an intradyne receiver
can decrease the Pin penalty between the two systems down to
1.5 dB. This article, hence, presents a significantly simpler mm-
wave/THz photonic system that only exhibits a moderate penalty
with respect to conventional systems. The reduced complexity
associated to the demonstrated system aids photonic integration
and the deployment of cost-effective mm-wave/THz transport
and generation networks.
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