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Sub-Terahertz IM Links:

Comparison Between Double and Single
Carrier Modulation”

Luis Gonzalez-Guerrero ¥, Muhsin Ali
and Guillermo Carpintero

Abstract—In this manuscript we report four mistakes in [1] and
their respective corrections. Two mistakes are notation typos with
no implications, whereas the other two are mistakes regarding the
simulations. The correction of these two mistakes changes slightly
the technical analysis presented in [1], however, they do not affect
the main conclusions reported in such a paper.

Index  Terms—Amplitude modulation, communication
systems, microwave photonics, optoelectronic devices, sub-THz

communication.

EFOUND four mistakes in [1], which are now discussed
W through bullet points in the order of appearance in [1].
Apart from these mistakes, we also make some comments for
the sake of a better understanding of [1].

Correction I: in Section 1I-B of [1], (IZ.) in the D-C
scheme should be equal to 2(PZ + m? s%(t)) and not to 2P§ +
m? s%(t). The former expression was used in [1], and thus, the
analysis and results presented in that section remain unchanged.

Comment I: the simulation diagram in [1] (i.e., Fig. 4 of [1]) is
incomplete as it only provides information about the simulation
structure used for the D-C scheme. Fig. 1 in this manuscript
provides a more accurate structure of the simulations. As can be
seen, for the S-C scheme, the photodiode (PD) block is just a
multiplication by one. This is because, in this scheme, the PD
performs an heterodyne beating between an unmodulated tone
and the data signal. This results in only a change in the data
signal carrier frequency but not in its baseband waveform. In
the the D-C scheme, on the other hand, two data signals are
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Fig. 1. Structure of the simulations used in [1] and in this manuscript (in
the results discussed in Correction IV, Comment VI, and Comment VII). The
diagram also shows the equations employed to calculate (Ipp) and (12, )
from receiver SNR.

beaten together, leading to the square operation shown in the
D-C diagram in Fig. 1 of this manuscript.

Comment I1: in [1] we also did not justified what type of noise
is considered in the simulations and why it is added after the
envelope detector (ED) block. The noise used in the simulations
in [1] is additive white Gaussian noise (AWGN) and it is added
after the PD as thermal receiver noise is assumed to dominate
over any other noise source. This is typically the case for sub-
THz systems where transmitter noise is attenuated by the high
free-space path loss found at these frequencies and mixer down
conversion loss [2], [3].

Comment III: in [1], we employ the term “normalization
factor” to refer to the independent variable against which the bit
error ratio (BER) is measured. Four such independent variables
are discussed in [1]: signal-to-noise ratio (SNR), average pho-
tocurrent, average sub-THz energy, and average optical power
from the lasers. Using the term “normalization factor” to refer to
such variables might not be appropriate terminology — a better
term could be “characterization variable”. However, for the sake
of readability and easy understanding, the same terminology as
in [1] is used in this manuscript.

Comment IV: in Section II of [1] we discuss three normal-
ization factors: average photocurrent ((Ipp)), average sub-THz
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energy, and average optical power from the lasers. On the other
hand, in Section IIT of [1], the BER is measured against (Ipp)
and SNR. It is important to clarify that SNR in [1] refers to
receiver SNR and that it is a different normalization factor from
the average sub-THz energy factor we discuss in Section II-B
of [1] (which s proportional to (%, ) and itis related to receiver
SNR by a quadratic operation).

Whereas receiver SNR is used in the simulations, this nor-
malization factor is missing in the analysis of Section II in [1].
We now provide an analytical discussion of the performance
of each scheme under SNR normalization. Receiver SNR is
proportional to (I% ), which is easy to show (remembering that
m? s?(t) = P? when the signal is an ideal rectangular pulse)
that is equal to 32P; and to 8 P for the D-C and S-C cases,
respectively. To normalize both schemes for an equal value of
(I%) — for example, (I%,,) = 32P; — the ED signal (i.e.,
Ip) in the S-C scheme has to be multiplied by /4 = 2. This
means multiplying V,,sc also by two giving a peak voltage in
the recovered signal of 4P, which is the peak voltage of the
recovered signal in the D-C scheme for (1% ) = 32P;. Hence,
for receiver-SNR normalization both schemes should exhibit the
same performance.

Correction II: in both (17) and (18) in [1], the denominator
should be the forth root of the average of the S-C and D-C
waveforms to the power of four so that (17) should be:

YSNR- /T )

I 1
o) o) .
and (18) should be:
(Ipp) o SNR-(hpo(t)) 2

V{Wbhe ()

The expressions provided in this manuscript were used in [1],
and, thus, the results are not affected.

Comment V: as shown in Fig. 1 of this manuscript, in the simu-
lations, the BER is calculated for specific values of receiver SNR.
To compute the BER-vs-(Ipp) curves shown in Fig. 5 of [1],
receiver SNR values are converted to a quantity proportional to
(Ipp) by means of (1) and (2) in this manuscript for the S-C
and D-C schemes respectively. Unlike SNR values, which are
absolute, (Ipp) values are relative, since specific values depend
on several factors such as transmission distance, PD responsivity,
etc., and thatis why (Ipp) values in Fig. 5 of [1] are arbitrary. We
note, however, that the relative (Ipp) penalty between schemes
(i.e., the ratio between the (I pp) values required by each scheme
to achieve a certain BER) is absolute.

Correction III: in Section III-A we compare the simulation
results obtained for receiver SNR normalization and 2-PAM
signalling to those derived in Section II-B. This is wrong, as in
Section II-B the normalization factor being discussed is average
sub-THzenergy (i.e., (I % HZ)), which, as mentioned in Comment
IV of this manuscript, is different from receiver SNR. To prop-
erly compare the results of the simulations with the mathematical
analysis given in Section II-B of [1], in this manuscript we also
provide the BER-vs-(I2,, ) curves for both the S-C and D-C
schemes (such a curves are discussed in Correction IV, Comment
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Fig.2. BER curves obtained for biasing of the MZM in the quadrature point,

2-PAM, a normalized amplitude of 0.5, and rectangular pulse shaping (first row)
and RRC filtering (second row).

VII, and Comment VIII). As happens with (I pp) values, (1)
values are also relative since absolute values depend on system
specifications. However, the (12, ) penalty between the two
schemes should be absolute. To calculate (I%,,) values from
receiver SNR ones, the following equation needs to be used:

JSNR - (h2(t))
V(hA(1))

where h(t) refers to hsc(t) and hpe(t) for the S-C and D-C
schemes, respectively.

Comment VI: the only normalization factor that is not included
in the simulations of this manuscript is the average optical power
from the lasers. This is because, as shown in Table I of [1],
the penalty between schemes under this factor is dependent on
modulator loss, which can take a wide range of values according
to manufacturer and model. In any case, we remind the reader,
that, when a MZM is used for IM (i.e., at the quadrature point), a
MZM insertion loss higher than 0 dB will cause the S-C scheme
to outperform the D-C scheme even under 2-PAM.

Correction IV: in the analysis of Section Il of [1], we consider
rectangular pulse shaping and ideal IM. However, in the simu-
lations of [1], an RRC filter is used for pulse shaping and the
bias of the MZM is not fixed at quadrature, which is the point
required for IM. This make the simulation results deviate from
the mathematical analysis of [1] and it is the reason why there is
some penalty between the S-C and D-C x /2 curves in Fig. 5(b)
of [1]. In Fig. 2 of this manuscript, we show the results of the

; 3)
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Fig. 3. BER curves obtained for biasing of the MZM in the quadrature point,

a normalized amplitude of 0.35, RRC filtering, and M = 2 (first row), M = 4
(second row) and M = 8 (third row).

simulations when the MZM bias is set at quadrature. The first
row of graphs in Fig. 2 corresponds to rectangular pulse shaping,
whereas the second row is for RRC shaping (both for 2-PAM
signalling). In the two cases, a normalized modulation amplitude
of 0.5 is used (unlike in [1], where the amplitude is set to 0.35).
The reason to use this value (which corresponds to a peak voltage
in the modulating signal equal to the modulator 7-voltage) is that
aninfinite ER is assumed in the comparison given in Section II-B
in [1] and a normalized modulation amplitude of 0.5 is the value
required to achieve such an ER when the MZM is biased at
quadrature.

In this manuscript, the units of (Ipp), as well as those of
(I2.; ), are given in dB instead of linear units to emphasize the
fact that the units are relative and not absolute. Both (Ipp) and
(I2.;;.) values are referenced to the lowest (Ipp) and (12 )
values that appear in each plot.
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Fig. 4. BER curves obtained for the optimum MZM biasing point, a normal-
ized amplitude of 0.35, RRC filtering, and M = 2 (first row), M = 4 (second
row) and M = 8 (third row).

As can be seen, when the MZM is biased at quadrature, the
normalized amplitude is 0.5, and the pulse shaping is rectangular,
the results of the simulations agree perfectly with the analysis
in Sections II-A and II-B, which predict that the S-C and D-C
schemes have a penalty of v/2 under (Ipp) normalization but
that should have the same performance under (/%,,.) normal-
ization. Note that, in this case, the nonlinear nature of the
MZM is irrelevant because the electrical signal only takes two
discrete levels and ideal optical IM is achieved. It can also be
seen that both schemes have the same performance under SNR
normalization as predicted in Comment IV of this manuscript.

When RRC filtering is employed, the electrical signal is not
binary any more and the nonlinearity of the MZM prevents the
generation of ideal IM. In spite of this, the same /2 penalty is
found between the two schemes under (Ip ) normalization and
a very similar performance is obtained under both (2., ) and
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receiver SNR normalization (penalty less than 1 dB between the
two schemes).

Comment VII: to see the penalty between the two schemes
for different modulation orders under IM, in Fig. 3 of this
manuscript we show the BER results for M = 2, 4, and 8
(i.e., 2-PAM, 4-PAM, and 8-PAM) when the MZM is biased at
quadrature (this is unlike Fig. 5 in [1], where the BER curves are
obtained for the optimum biasing of the MZM). To avoid strong
nonlinear distortions in the higher order formats, the normalized
amplitude is lowered to 0.35. As can be seen from Fig. 3, the
penalty of the S-C scheme under all three normalization factors
progressively vanishes as the modulation order increases. This
is consistent with our hypothesis in [1] about the SSBI being the
cause of the D-C performance degradation as the modulation
order is increased.

Comment VIII: finally, in Fig. 4 of this manuscript we show a
modified version of Fig. 5 in [1]. Compared to such a figure, here:
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a) we show the BER results also under (1%, ) normalization,
b) the x-axis units are all in dB, and c) we include (in the legend
inside each figure) the optimum biasing point at the 7% FEC
limit (i.e., BER of 3.8 x 107%). The optimum biasing point is
included to show how signals that are less affected by SSBI (i.e.,
the S-C scheme) have higher optimum biasing points than those
with higher SSBI (i.e., the D-C scheme).
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