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Abstract: We propose W-band photonic millimeter-wave (mm-wave) vector signal gener-
ation employing a precoding-assisted random frequency tripling scheme enabled by a
single phase modulator cascaded with a wavelength selective switch (WSS). The se-
lected two optical subcarriers from the phase modulator output by the WSS can have sev-
eral different kinds of combinations with asymmetrical orders, such as (-3, 0), (-2, 1),
(=1, 2), and (0, 3). Employing our proposed precoding-assisted random frequency tripling
scheme, we experimentally demonstrate 1/2-Gbd 81-GHz quadrature-phase-shift-keying
(QPSK) mm-wave vector signal generation and its wireless delivery over 0.5-m air space
distance. We also experimentally demonstrate that the generated mm-wave vector signal
based on the minus second-order (-2nd) and first-order (1st) subcarriers, which is equiv-
alent to that based on the minus first-order (-1st) and second-order (2nd) subcarriers,
has a better bit-error-ratio (BER) performance than that based on the minus third-order
(-8rd) and central (0th) subcarriers, which is equivalent to that based on the 0th and
third-order (-3rd) subcarriers, when the phase modulator has a relatively small driving
radio-frequency (RF) voltage, whereas an opposite result occurs when the phase modula-
tor has a relatively large driving RF voltage, which is consistent with both our theoretical
analysis and numerical simulation.

Index Terms: Photonic millimeter-wave (mm-wave) vector signal generation, W-band,
random frequency tripling, precoding, quadrature phase shift keying (QPSK).

1. Introduction

Recently, there has been ever-increasing research interest in the application of W-band (75 GHz-
110 GHz) with large available bandwidth and vector signal modulation with high spectral effi-
ciency into radio-over-fiber (RoF) systems [1]-[24] in order to meet the demands of emerging
large-capacity mobile data communication. Precoding-assisted photonic frequency multiplication
techniques based on the electro-optic intensity modulator or the phase modulator [18]-[30] can
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Fig. 1. Schematic diagram of photonic mm-wave vector signal generation based on a precoding-
assisted random frequency tripling scheme. (a) Schematic output optical spectrum of phase mod-
ulator. (b)—(e) Schematic output optical spectra of WSS. (f) Curves of the first-kind Bessel function from
order 0 to order 3. DAC: digital-to-analog converter; PM: phase modulator; WSS: wavelength selective
switch; PD: photodiode.

realize simple and cost-effective W-band photonic millimeter-wave (mm-wave) vector signal gen-
eration, with the advantages of high stability, high purity, and significantly reduced requirement
for transmitter component bandwidth [25]-[35]. Recently, lots of experimental demonstrations on
W-band photonic mm-wave vector signal generation have been reported, employing precoding-
assisted photonic frequency multiplication techniques based on a single electro-optic intensity
modulator or phase modulator [18]-[24]. However, all the previous experimental demonstrations
[18]-[24] select from the output of the intensity modulator or phase modulator two optical subcar-
riers with symmetrical orders to realize photonic frequency multiplication with an even multiplica-
tion factor.

In this paper, we propose precoding-assisted random-frequency-tripling W-band photonic mm-
wave vector signal generation enabled by a single phase modulator cascaded with a wavelength
selective switch (WSS). The selected two optical subcarriers from the phase modulator output by
the WSS can have several different kinds of combinations with asymmetrical orders, such as
(-3, 0), (-2, 1), (-1, 2), and (0, 3). Employing our proposed precoding-assisted random fre-
quency tripling scheme, we experimentally demonstrate 1/2-Gbaud 81-GHz quadrature-phase-
shift-keying (QPSK) mm-wave vector signal generation and its wireless delivery over 0.5-m air
space distance. We also experimentally demonstrate that the generated mm-wave vector signal
based on the minus second-order (-2nd) and first-order (1st) subcarriers, which are equivalent
to those based on the minus first-order (—1st) and second-order (2nd) subcarriers, has a better
bit-error-ratio (BER) performance than that based on the minus third-order (-3rd) and central
(Oth) subcarriers, which is equivalent to that based on the Oth and third-order (3rd) subcarriers,
when the phase modulator has a relatively small driving radio-frequency (RF) voltage, while an
opposite result occurs when the phase modulator has a relatively large driving RF voltage,
which is consistent with both our theoretical analysis and numerical simulation.

2. Principle and Numerical Simulation

2.1. Principle

Fig. 1 shows the schematic diagram of photonic mm-wave vector signal generation, based on
a precoding-assisted random frequency tripling scheme, enabled by a single phase modulator
cascaded with a WSS. With the aid of MATLAB programming, a pseudo-random binary se-
quence (PRBS) with a certain length is first QPSK mapped, then precoded and low-pass fil-
tered, and finally digitally up-converted from baseband to frequency f;, to generate the
precoded RF vector signal at frequency f; [18]. Here, the function of low-pass filtering is imple-
mented by a fifth-order Bessel filter with a cutoff frequency of 2 x = x B (B denotes the signal
baud rate).

After processed by a high-speed digital-to-analog converter (DAC), the generated pre-
coded RF vector signal at frequency f; is modulated by a single phase modulator onto a
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continuous-wave (CW) lightwave at frequency f, from a laser. Assume that the CW lightwave at
frequency f; has constant amplitude Ey and can be formulated as

Ecw(t) = Eoexplj2nfet + jo(t)] (1)

where ¢ denotes the random phase noise induced by laser linewidth. Assume that the driving RF
vector signal at frequency f; has constant amplitude V4, and can be formulated as

VRF(f) = Wrr VQCOS[27Tfst + 9(1')] (2)

where Vgr denotes the driving RF voltage on the phase modulator, and 6 denotes the precoded
phase of the driving RF vector signal at frequency f;s. The phase modulator output can thus be
formulated as [24]

Epm(t) = Eoexplj2nfot + jo(t) + jmVRr(t)/ Vil
=Eo Y j"JIn(r)expl2n(fe+ nfo)t + jnd(t) + jio(1)] (3)

n=—oc0

where J, is the first-kind Bessel function of order n. x is equal to 7Vge Vo / V;: (V.. denotes the half-
wave voltage of the phase modulator), representing the modulation index of the phase modula-
tor. The phase modulator output thus should be multiple optical subcarriers with a frequency
spacing of f5, and Fig. 1(a) gives the schematic output optical spectrum of the phase modulator.

Then, a WSS randomly selects from the phase modulator output two optical subcarriers with
a frequency spacing of 3f;. The selected two optical subcarriers with a frequency spacing of 3f;
can be the —1st one and the 2nd one shown in Fig. 1(b), the —2nd one and the 1st one shown
in Fig. 1(c), the Oth one and the 3rd one shown in Fig. 1(d), or the —3rd one and the 0th one
shown in Fig. 1(e). As a result, the WSS output can be formulated as

Ewss(t) = Eoj"Jm(r)exp[j2m(fe + mfs)t + jm6(t) + jo(1)]
+ Eof " Imis(k)exp{j2n(f; + (m + 3)fJt +j(m + 3)0(t) + jo(t)}  (4)

where m can be randomly assigned as -3, -2, —1, or 0. Next, the output current of the single-
ended photodiode (PD), in which the selected two optical subcarriers are heterodyne beat, can
be formulated as (the DC component is excluded)

ip(t) = % Rpm(k)Jmya(k)cos[2r - 3fst + 30(1)] (5)

where R denotes the PD sensitivity. As shown by (5), after square-law PD conversion,
frequency-tripling electrical mm-wave signal at frequency 3fs is generated, while the random
phase noise ¢ is eliminated because of the frequency-locking and phase-locking characteristic
of the selected two optical subcarriers from the same laser source [36].

As also shown by (5), the phase term 36 of the PD output current carries the precoded
phase 6 of the driving RF vector signal at frequency f;. Thus, the value of § should be appro-
priately set to ensure that the phase term 36 of the PD output current satisfies the rule of regu-
lar QPSK modulation, in order to make the generated electrical mm-wave signal at frequency
3fs display regular QPSK modulation [18]. Assume that the phase of regular QPSK symbol is
represented by Oqpsk. Thus, 0 should satisfy 30 = 6qpsk when imbalanced phase precoding is
adopted [18], while it should satisfy 30 = Ogpsk +2 mmx (m = 0, 1, 2) when balanced phase pre-
coding is adopted [30]. Moreover, the amplitude of the generated electrical mm-wave signal,
which determines the signal-to-noise ratio (SNR) after PD detection, are determined by
JIm(k)JIm+s(k) as shown by (5). Since |J_o(k)J1(k)| is equal to |J_1(k)d2(k)| while |J_g(k)Jo(k)]
is equal to |Jo(k)J3(k)|, we can conclude that, the generated mm-wave vector signal based on
the -2nd and 1st subcarriers is equivalent to that based on the —1st and 2nd subcarriers, while
the generated mm-wave vector signal based on the —-3rd and Oth subcarriers is equivalent to
that based on the Oth and 3rd subcarriers. Fig. 1(f) shows the curves of the first-kind Bessel
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Fig. 2. (a) Calculated constellation after QPSK mapping. (b) Calculated constellation after balanced
phase precoding.

function from order 0 to order 3 when the modulation index « varies from 0 to 10. We can see
that, with the increase of the modulation index «, or the increase of the driving RF voltage Vgr
on the phase modulator, more and more optical subcarriers appear, and the orders of the opti-
cal subcarriers with relatively high optical power also gradually increase. Since the optical
power of the selected optical subcarriers determines the SNR after PD detection, we can antic-
ipate that, the generated electrical mm-wave vector signal at frequency 3f; based on the -2nd
and 1st (or —1st and 2nd) subcarriers has a better performance than that based on the -3rd
and Oth (Oth and 3rd) subcarriers when Vg is relatively small, while an opposite result occurs
when Vgr is relatively large. It is worth noting that the optical subcarriers with orders higher
than 3 theoretically can be also selected to realize frequency tripling, but in this case, a much
larger driving RF voltage is required to ensure that the optical subcarriers with orders higher
than 3 have a sufficient optical power, which, however, is difficult to achieve in the experiment
because of the limited electrical amplifier (EA) amplification. Therefore, in the following numeri-
cal simulation and experiment, we do not consider the optical subcarriers with orders higher
than 3 for random photonic frequency tripling.

2.2. Numerical Simulation

With the aid of VPI software, we numerically investigate the effect of the driving RF voltage
Vre of the phase modulator on the performance of the generated QPSK mm-wave vector sig-
nal by our proposed precoding-assisted random frequency tripling scheme. The time window
is 128 ns and the sampling rate is 512 GSa/s. The phase modulator is driven by a 27-GHz RF
vector signal generated by MATLAB programming, adopting balanced phase precoding and
carrying 4-Gbaud QPSK vector data. The pattern length is 2'°. Fig. 2(a) gives the calculated
constellation after QPSK mapping, while Fig. 2(b) gives that after balanced phase precoding.
The selected two optical subcarriers used for square-law PD conversion is the —-2nd and 1st
ones, or the —3rd and Oth ones, to generate the 81-GHz QPSK-modulated electrical mm-wave
vector signal. The down conversion of the generated 81-GHz electrical mm-wave vector signal
into baseband is also implemented by MATLAB programming.

Fig. 3(a)—(i) give the calculated optical spectra of the phase modulator output, corresponding
to 1.0-, 1.2-, 1.4-, 1.6-, 1.8-, 2.0-, 2.2-, 2.4-, and 2.6-V driving RF voltages on the phase modula-
tor, respectively. For the two calculated received QPSK constellations inserted into each optical
spectrum in Fig. 3, the left one corresponds to the generated electrical mm-wave vector signal
based on the —2nd and 1st subcarriers, while the right one corresponds to that based on the
-3rd and Oth subcarriers. We can see that, the left constellation has a better performance than
the right one when the driving RF voltage is relatively small, such as Fig. 3(a) and (b), while the
right constellation has a better performance than the left one when the driving RF voltage is rela-
tively large, such as Fig. 3(d)—(g), which is consistent with our theoretical analysis in Section 2.1.
Both the left and right constellations in Fig. 3(h) and (i) have a relatively poor performance since
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Fig. 3. Calculated optical spectra of phase modulator output and corresponding received constel-
lations when the driving RF voltages on the phase modulator are (a) 1.0 V, (b) 1.2 V, (c) 1.4 V,
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Fig. 4. Experimental setup for the generation and wireless delivery of W-band QPSK mm-wave vec-
tor signal employing our proposed precoding-assisted random frequency tripling scheme. ECL: ex-
ternal cavity laser; PM-EDFA: polarization-maintaining Erbium-doped fiber amplifier; PM: phase
modulator; DAC: digital-to-analog converter; EA: electrical amplifier; WSS: wavelength selective
switch; PD: photodiode; HA: horn antenna; RF: radio frequency; LNA: low-noise amplifier; OSC:
oscilloscope.

more optical power is transferred to the optical subcarriers with orders higher than 3 at higher
driving RF voltages of 2.4 V and 2.6 V.

3. Experimental Setup

Fig. 4 shows the experimental setup for the generation and wireless delivery of W-band QPSK
mm-wave vector signal employing our proposed precoding-assisted random frequency tripling
scheme. A 27-GHz balanced-precoded RF vector signal generated by MATLAB programming
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Fig. 5. Measured optical spectra (0.02-nm resolution) when the driving RF voltage on the phase
modulator is 4 V. (a) After phase modulator, (b) after WSS when the —2nd and 1st subcarriers are
selected, (c) after PM-EDFA2 when the —2nd and 1st subcarriers are selected, (d) after WSS when
the —3rd and Oth subcarriers are selected, and (e) after PM-EDFA2 when the —3rd and Oth subcar-
riers are selected.

carries 1- or 2-Gbaud QPSK vector data and has a pattern length of 2'°. After processed by a
DAC with a sampling rate of 80 GSa/s and a 3-dB electrical bandwidth of 16 GHz, the 27-GHz
balanced-precoded RF vector signal is boost to ~4 V,, (or ~9 V,, which is the maximum driv-
ing RF voltage our experimental setup can offer) by an EA operating within the frequency range
from 17 GHz to 27 GHz, and then used to drive a phase modulator with 3.5-V half-wave voltage
at 1 GHz, 3.5-dB insertion loss, and 40-GHz 3-dB optical bandwidth. A CW lightwave offered by
an external cavity laser (ECL) with a linewidth below 100 kHz and an output power of 13 dBm,
is first boost by a polarization-maintaining Erbium-doped fiber amplifier (denoted by PM-
EDFA1), and then modulated by the 27-GHz balanced-precoded RF vector signal via the phase
modulator.

Two subcarriers with 81-GHz frequency spacing are selected from the phase modulator out-
put by a programmable 1 x 4 WSS on a 10-GHz grid to generate the 81-GHz optical mm-wave
signal. The orders of the selected two subcarriers can be a random one of the four cases shown
in Fig. 1(b)—(e). The generated 81-GHz optical mm-wave signal is boost by another polarization-
maintaining Erbium-doped fiber amplifier (denoted by PM-EDFA2) and then up-converted into
an 81-GHz QPSK-modulated electrical mm-wave vector signal by a single-ended W-band PD
with 90-GHz optical bandwidth. After boost by a W-band EA with a gain of 30 dB and a satura-
tion output power of 3 dBm, the up-converted 81-GHz QPSK-modulated electrical mm-wave
vector signal is delivered over 0.5-m air space distance by a pair of W-band horn antennas
(HAs) with a gain of 25 dBi and a 3-dB half-power beamwidth of 10°.

At the wireless receiver, the received 81-GHz QPSK-modulated electrical mm-wave vector sig-
nal is down-converted into a lower frequency 6-GHz one by a balanced mixer, which is driven by
a 75-GHz sinusoidal RF source with 16-dBm output power. After boost by a DC~40 GHz low-
noise amplifier (LNA) with a gain of 33 dB, the down-converted 6-GHz signal is captured by a
real-time digital storage oscilloscope (OSC) with an electrical bandwidth of 30 GHz and a sam-
pling rate of 80 GSa/s. Finally, offline digital signal processing (DSP), including down conversion,
constant-modulus-algorithm (CMA) equalization, carrier recovery, and BER calculation [37], is
adopted to recover the transmitted QPSK vector data from the 6-GHz signal.

4. Experimental Results

We experimentally investigate the performance of the generated 81-GHz QPSK-modulated mm-
wave vector signal when the phase modulator has a relatively small driving RF voltage of 4 V,
and a relatively large driving RF voltage of 9 Vp,,, respectively.

4.1. Experimental Results When the Phase Modulator has a Relatively Small Driving
RF Voltage of 4 Vy,

Fig. 5 gives the optical spectra (all measured at 0.02-nm resolution and 1 Gbaud) when the driv-
ing RF voltage on the phase modulator is 4 V. Fig. 5(a) gives the optical spectrum of the phase
modulator output, with multiple optical subcarriers spaced by 27 GHz. Fig. 5(b) and (c), respec-
tively, show the output optical spectra of the WSS and the PM-EDFA2 when the -2nd and 1st
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Fig. 6. (a) Measured BER performance at 4-V,, driving RF voltage on the phase modulator.
(a) Scenario when the —2nd and 1st subcarriers are selected. (b) Scenario when the —3rd and 0Oth
subcarriers are selected.

subcarriers are selected, while Fig. 5(d) and (e) show those when the —3rd and 0th subcarriers are
selected.

We further measured the BER performance versus the input power into PD when the driving
RF voltage on the phase modulator is 4 Vy,, just as shown in Fig. 6. Fig. 6(a) corresponds to
the scenario when the -2nd and 1st subcarriers are selected. It can be seen from Fig. 6(a)
that, compared to the 1-Gbaud case, the 2-Gbaud case has a 4-dB power penalty at the BER
of 3.8 x 1072. 0.5-m wireless delivery causes no power penalty for both 1-Gbaud and 2-Gbaud
cases. In Fig. 6(a), insets (i) and (ii) respectively give the captured 6-GHz signal spectrum and
the recovered QPSK constellation for the 1-Gbaud mm-wave vector signal after 0.5-m wireless
delivery at 1-dBm input power into PD, while insets (iii) and (iv) give those for the 2-Gbaud
mm-wave vector signal after 0.5-m wireless delivery at 5-dB input power into PD. Fig. 6(b) cor-
responds to the scenario when the —3rd and Oth subcarriers are selected. It can be seen from
Fig. 6(b) that the 1-Gbaud case can reach the BER of 3.8 x 1073 when the input power into PD is
—1 dBm, while the 2-Gbaud case has an error floor close to the BER of 1 x 1072, 0.5-m wireless
delivery causes no power penalty for both 1-Gbaud and 2-Gbaud cases. In Fig. 6(b), insets (i)
and (ii), respectively, give the captured 6-GHz signal spectrum and the recovered QPSK constel-
lation for the 1-Gbaud mm-wave vector signal after 0.5-m wireless delivery at 3.1-dBm input
power into PD, while insets (iii) and (iv) give those for the 2-Gbaud mm-wave vector signal after
0.5-m wireless delivery at 3-dB input power into PD.

When we compare Fig. 6(a) and (b), we can see that, the 1-Gbaud case in Fig. 6(a) has a 2-dB
receiver sensitivity improvement compared to that in Fig. 6(b), while the 2-Gbaud case in Fig. 6(a)
has a much better BER performance compared to that in Fig. 6(b). We also measured the BER
performance in the scenario when the —1st and 2nd subcarriers are selected, which is quite simi-
lar to that given in Fig. 6(a), as well as that in the scenario when the 0th and 3rd subcarriers are
selected, which is quite similar to that given in Fig. 6(b). Thus, we can conclude that, when the
phase modulator has a relatively small driving RF voltage of 4 V,, the generated 81-GHz QPSK-
modulated mm-wave vector signal based on the -2nd and 1st (—1st and 2nd) subcarriers has a
better BER performance than that based on the —3rd and 0Oth (0th and 3rd) subcarriers, which is
consistent with both our theoretical analysis and numerical calculation.

4.2. Experimental Results When the Phase Modulator has a Relatively Large Driving
RF Voltage of 9 V,,

Fig. 7 gives the optical spectra (all measured at 0.02-nm resolution and 1 Gbaud) when the driv-
ing RF voltage on the phase modulator is 9 V. Fig. 7(a) gives the optical spectrum of the phase
modulator output. Fig. 7(b) and (c) respectively show the output optical spectra of the WSS and the
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put power into PD. Inset (e) gives the captured evidently expanded 6-GHz signal spectrum for the
1-Gbaud mm-wave vector signal after 0.5-m wireless delivery at 0.5-dBm input power into PD in
the scenario when the -1st and 2nd subcarriers are selected.

PM-EDFA2 when the —1st and 2nd subcarriers are selected, while Fig. 7(d) and (e) show those
when the Oth and 3rd subcarriers are selected.

We further measured the BER performance versus the input power into PD at 9-V,, driving
RF voltage on the phase modulator in the scenario when the Oth and 3rd subcarriers are se-
lected, just as shown in Fig. 8. It can be seen from Fig. 8 that, compared to 1-Gbaud case,
2-Gbaud case has a 2.5-dB power penalty at the BER of 3.8 x 103, 0.5-m wireless delivery
causes no power penalty for both 1-Gbaud and 2-Gbaud cases. In Fig. 8, insets (a) and (b)
respectively give the captured 6-GHz signal spectrum and the recovered QPSK constellation
for the 1-Gbaud mm-wave vector signal after 0.5-m wireless delivery at —1.1-dBm input power
into PD, while insets (c) and (d) give those for the 2-Gbaud mm-wave vector signal after 0.5-m
wireless delivery at —0.2-dB input power into PD. However, when the driving RF voltage on the
phase modulator is 9 V,, we cannot successfully recover the received mm-wave vector signal in
the scenario when the —1st and 2nd subcarriers are selected. Inset (e) in Fig. 8 gives the cap-
tured 6-GHz signal spectrum for the 1-Gbaud mm-wave vector signal after 0.5-m wireless deliv-
ery at 0.5-dBm input power into PD in the scenario when the —1st and 2nd subcarriers are
selected, and here we can see that the signal spectrum is evidently expanded. We also mea-
sured the BER performance in the scenario when the -3rd and Oth subcarriers are selected,
which is quite similar to that given in Fig. 8(a), as well as the BER performance in the scenario
when the -2nd and 1st subcarriers are selected, which is quite similar to that in the scenario
when the —1st and 2nd subcarriers are selected. Thus, we can conclude that, when the phase
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modulator has a relatively large driving RF voltage of 9 V,, the generated 81-GHz QPSK-
modulated mm-wave vector signal based on the Oth and 3rd (-3rd and Oth) subcarriers has a
better BER performance than that based on the —-1st and 2nd (-2nd and 1st) subcarriers,
which is also consistent with both our theoretical analysis and numerical calculation.

5. Conclusion

We have proposed W-band photonic mm-wave vector signal generation based on a precoding-
assisted random frequency tripling scheme, enabled by a single phase modulator cascaded with
a WSS. The selected two optical subcarriers used to generate the frequency-tripling mm-wave
vector signal have asymmetrical orders and can have several different kinds of combinations,
such as (-3, 0), (-2, 1), (-1, 2), and (0, 3). Employing our proposed precoding-assisted random
frequency tripling scheme, we have experimentally demonstrated the generation and 0.5-m wire-
less delivery of 1/2-Gbaud 81-GHz QPSK-modulated mm-wave vector signal. We have also ex-
perimentally demonstrated the generated mm-wave vector signal based on the -2nd and 1st
subcarriers (equivalent to the —1st and 2nd subcarriers) has a better BER performance than that
based on the —-3rd and Oth subcarriers (equivalent to the Oth and 3rd subcarriers) when the
phase modulator has a relatively small driving RF voltage, while an opposite result occurs when
the phase modulator has a relatively large driving RF voltage, which is consistent with both our
theoretical analysis and numerical simulation.

References

[1] X. Li, J. Xiao, and J. Yu, “Long-distance wireless mm-wave signal delivery at W-band,” J. Lightw. Technol., vol. 34,
no. 2, pp. 661-668, Jan. 2016.

[2] X. Li, J. Yu, and J. Xiao, “Demonstration of ultra-capacity wireless signal delivery at W-band,” J. Lightw. Technol.,
vol. 34, no. 1, pp. 180-187, Jan. 2016.

[3] T. P. Mckenna, J. A. Nanzer, and T. R. Clark, “Experimental demonstration of photonic millimeter-wave system for
high capacity point-to-point wireless communication,” J. Lightw. Technol., vol. 32, no. 20, pp. 35883594, Oct. 2014.

[4] K. Kitayama, A. Maruta, and Y. Yoshida, “Digital coherent technology for optical fiber and radio-over-fiber transmis-
sion systems,” J. Lightw. Technol., vol. 32, no. 20, pp. 3411-3420, Oct. 2014.

[5] J. Yu, X. Li, J. Zhang, and J. Xiao, “432-Gb/s PDM-16QAM signal wireless delivery at W-band using optical and an-
tenna polarization multiplexing,” presented at the Eur. Conf. Opt. Commun., Cannes, France, 2014, Paper We.3.6.6.

[6] X. Li, J. Yu, J. Xiao, and Y. Xu, “Fiber-wireless-fiber link for 128-Gb/s PDM-16QAM signal transmission at (W)-band,”
IEEE Photon. Technol. Lett., vol. 26, no. 19, pp. 1948-1951, Oct. 2014.

[7] X. Li et al., “Fiber-wireless-fiber link for 100-Gb/s PDM-QPSK signal transmission at W-band,” IEEE Photon. Technol.
Lett., vol. 26, no. 18, pp. 1825-1828, Sep. 2014.

[8] J. Yu, X. Li, and N. Chi, “Faster than fiber: Over 100-Gb/s signal delivery in fiber wireless integration system,” Opt.
Exp., vol. 21, no. 19, pp. 22885-22904, Sep. 2013.

[9] J. Zhang et al., “Multichannel 120-Gb/s data transmission over 2 x 2 MIMO fiber-wireless link at W-band,” IEEE
Photon. Technol. Lett., vol. 25, no. 8, pp. 780-783, Apr. 2013.

[10] X. Li et al., “Fiber wireless transmission system of 108-Gb/s data over 80-km fiber and 2 x 2 MIMO wireless links at
100 GHz W-band frequency,” Opt. Lett., vol. 37, no. 24, pp. 5106-5108, Dec. 2012.

[11] F. Li, Z. Cao, X. Li, Z. Dong, and L. Chen, “Fiber-wireless transmission system of PDM-MIMO-OFDM at 100 GHz
frequency,” J. Lightw. Technol., vol. 31, no. 14, pp. 2394—2399, Jul. 2013.

[12] A. Kanno et al, “40 Gb/s W-band (75-110 GHz) 16-QAM radio-over-fiber signal generation and its wireless
transmission,” presented at the Eur. Conf. Exhib. Opt. Commun., Geneva, Switzerland, 2011, Paper We.10.
P1.112.

[13] D. Zibar et al., “High-capacity wireless signal generation and demodulation in 75- to 110-GHz band employing all op-
tical OFDM,” IEEE Photon. Technol. Lett., vol. 23, no. 12, pp. 810-812, Jun. 2011.

[14] C. W. Chow et al., “100 GHz ultra-wideband (UWB) fiber-to-the-antenna (FTTA) system for in-building and in-home
networks,” Opt. Exp., vol. 18, no. 2, pp. 473-478, Jan. 2010.

[15] Y. Yang, C. Lim, and A. Nirmalathas, “Investigation on transport schemes for efficient high-frequency broadband
OFDM transmission in fibre-wireless links,” J. Lightw. Technol., vol. 32, no. 2, pp. 267-274, Jan. 2014.

[16] J. Xiao, J. Yu, X. Li, Y. Xu, and Z. Zhang, “20-Gb/s PDM-QPSK signal delivery over 1.7-km wireless distance at
W-band,” presented at the Opt. Fiber Commun. Conf. Exhib., Los Angeles, CA, USA, 2015, Paper W4G.4.

[17] X. Li et al., “Field trial of 80-Gb/s PDM-QPSK signal delivery over 300-m wireless distance with MIMO and antenna
polarization multiplexing at W-band,” presented at the Opt. Fiber Commun. Conf. Exhib., Los Angeles, CA, USA,
2015, Paper Th5A.5.

[18] X. Li, J. Yu, Z. Zhang, J. Xiao, and G. K. Chang, “Photonic vector signal generation at W-band employing an optical
frequency octupling scheme enabled by a single MZM,” Opt. Commun., vol. 349, pp. 6—10, Aug. 2015.

[19] X. Li, J. Yu, J. Xiao, N. Chi, and Y. Xu, “W-band PDM-QPSK vector signal generation by MZM-based photonic fre-
quency octupling and precoding,” IEEE Photon. J., vol. 7, no. 4, Aug. 2015, Art. no. 7101906.

Vol. 8, No. 2, April 2016 5500410



IEEE Photonics Journal W-Band mm-Wave Vector Signal Generation

[20] J. Xiao et al., “W-band OFDM photonic vector signal generation employing a single Mach—Zehnder modulator and
precoding,” Opt. Exp., vol. 23, no. 18, pp. 24029-24034, Sep. 2015.

[21] X. Li et al., “Mm-wave vector signal generation and transport for W-band MIMO system with intensity modulation
and direct detection,” presented at the Opt. Fiber Commun. Conf. Exp., Anaheim, CA, USA, 2016, Paper M3B.2.

[22] X. Li et al., “W-band QPSK vector signal generation based on photonic heterodyne beating and optical carrier suppres-
sion,” presented at the Opt. Fiber Commun. Conf. Exp., Anaheim, CA, USA, 2016, Paper Th2A.15.

[23] X. Li et al., “W-band 8QAM vector signal generation by MZM-based photonic frequency octupling,” IEEE Photon.
Technol. Lett., vol. 27, no. 12, pp. 1257-1260, Jun. 2015.

[24] J. Xiao et al., “High-frequency photonic vector signal generation employing a single phase modulator,” IEEE Photon.
J., vol. 7, no. 2, Apr. 2015, Art. no. 7101206.

[25] C. T. Lin et al., “Photonic vector signal generation at microwave/millimeter-wave bands employing an optical fre-
quency quadrupling scheme,” Opt. Lett., vol. 34, no. 14, pp. 2171-2173, Jul. 2009.

[26] R. Zhang et al., “Precoding research on vector signal 16QAM applied in the frequency doubling scheme of ROF
link,” presented at the Asia Commun. Photon. Conf., Beijing, China, 2013, Paper AF2F.2.

[27] X. Li et al., “QAM vector signal generation by optical carrier suppression and precoding techniques,” IEEE Photon.
Technol. Lett., vol. 27, no. 18, pp. 1977-1980, Sep. 2015.

[28] X. Li, J. Xiao, Y. Xu, and J. Yu, “QPSK vector signal generation based on photonic heterodyne beating and optical
carrier suppression,” IEEE Photon. J., vol. 7, no. 5, Oct. 2015, Art. no. 7102606.

[29] J. Xiao et al., “OFDM vector signal generation based on optical carrier suppression,” IEEE Photon. Technol. Lett.,
vol. 27, no. 23, pp. 2449-2452, Dec. 2015.

[30] Y. Wang, Y. Xu, X. Li, J. Yu, and N. Chi, “Balanced precoding technique for vector signal generation based on
OCS,” IEEE Photon. Technol. Lett., vol. 27, no. 13, pp. 2469-2472, Dec. 2015.

[31] W. J. Jiang et al., “Photonic vector signal generation employing a novel optical direct-detection in-phase/quadrature-
phase upconversion,” Opt. Lett., vol. 35, no. 23, pp. 4069-4071, Dec. 2010.

[32] J. Yu et al.,, “Optical millimeter-wave generation or up-conversion using external modulators,” IEEE Photon. Technol.
Lett., vol. 18, no. 1, pp. 265-267, Jan. 2006.

[33] G. Qi, J. Yao, J. Seregelyi, S. Paquet, and C. Bélisle, “Optical generation and distribution of continuously tunable
millimeter-wave signals using an optical phase modulator,” J. Lightw. Technol., vol. 23, no. 9, pp. 2687-2695, Sep. 2005.

[34] J. Yu, Z. Jia, T. Wang, and G. K. Chang, “A novel radio-over-fiber configuration using optical phase modulator to
generate an optical mm-wave and centralized lightwave for uplink connection,” IEEE Photon. Technol. Lett., vol. 19,
no. 3, pp. 140-142, Feb. 2007.

[35] H. C. Chien, Y. T. Hsueh, A. Chowdhury, and G. K. Chang, “A novel carrier-eliminated optical millimeter-wave genera-
tion using a single over-driven phase modulator,” presented at the Conf. Opt. Fiber Commun., San Diego, CA, USA,
2010, Paper JWAS55.

[36] J. Ma et al., “Fiber dispersion influence on transmission of the optical millimeter-waves generated using LN-MZM in-
tensity modulation,” J. Lightw. Technol., vol. 25, no. 11, pp. 3244-3256, Nov. 2007.

[37] J. Yu and X. Zhou, “Ultra-high-capacity DWDM transmission system for 100G and beyond,” IEEE Commun. Mag.,
vol. 48, no. 3, pp. S56-S64, Mar. 2010.

Vol. 8, No. 2, April 2016 5500410




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


