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Generation of Coherent Sub-Terahertz Carrier with Phase
Stabilization for Wireless Communications

Yasuyuki Yoshimizu, Shintaro Hisatake, Shigeru Kuwanm, Jerada, Naoto Yoshimoto, and Tadao
Nagatsuma

Abstract:  In this paper, we present a photonic approach for
generating highly stable coherent sub-terahertz (THz) signals for
wireless communications. As proof-of-concept we transmit data at
100 GHz carrier frequency using on-off keying modulation and
heterodyne detection. The sub-THz carrier signals are generated
by photo-mixing two optical carrier signals at different frequen-
cies, extracted from an optical frequency comb. We introduce
a novel system to stabilize the phase of the optical carrier sig-
nals. Error-free transmission is successfully achieved up to a bit
rate of 8.5 Ghit/sat 100 GHz.

Index Terms. Coherent carrier, optical frequency comb, phase sta-
bilization, THz wave.

I. INTRODUCTION

In this incoherent radio-over-fiber (RoF) system, a digital
signal-processing (DSP)-based receiver was employedffor o
fline digital down-conversion and signal demodulationgtihgr
with carrier phase noise correction.

The OFC-based carrier generation has been demonstrated in
40 Gbit/s BER = 1.90x10~3) W-band 16-QAM RoF system
[12]. In this system, the frequency-detuned optical sigriaf
THz carrier generation were extracted from the OFC with an
optical arrayed-waveguide grating (AWG) filter and were-cou
pled with a fiber coupler. Each OFC component is phase-locked
before the extraction using the AWG filter. However, the pass
length of the optical fiber between the AWG filter and the fiber
coupler fluctuates due to temperature fluctuation and aicoust
noise. Therefore, the phases of the two modes fluctuate@émdep
dently, and the generated carrier shows phase fluctuafitis.
system also requires DSP-based carrier phase noise ¢onratt

Terahertz (THz) wireless communication has attracted atgrene receiver side. One of the effective ways to reduce thegha

deal of interest for the short-distance transmission afblgh fluctuation is to integrate the AWG filter and the optical cou-
data-rate signals such as high-definition television (HPaNd pler on a planar light-wave circuit (PLC) substrate in ortter
4K-TV signals [1], [2]. Until now, 30 Gbit/s error-free (b#rror  keep the optical path length difference between the two mode
rate (BERX 10~'") transmission has been demonstrated usiR@nstant [13]. At this point, however, it is a challenginstis to
intensity modulation and direct detection scheme at 300 Glitgegrate active devices like optical modulators on PLCetal+

[3], [4]. One of the promising ways to enhance the data rate isize such OFC-based systems as proposed in [12].

introduce multi-level modulation techniques such as qaale | this paper, we propose a practical phase stabilization
phase-shift keying (QPSK) and quadrature amplitude medulheme in the OFC-based sub-THz carrier generation without
tion (QAM) using coherent THz carrier signals [5]-{13]. Phothe yse of PLCs in the transmitter, and demonstrate ereer-fr
tonic generation and modulation of a THz carrier in a coheregata transmission without the use of DSP and error cormectio
wireless link will be a key technology. There are severahiecin the receiver. In Section Il, we explain our approach tdista
niques for the photonics-based THz carrier generationguain jizing the OFC-based carrier signal generation and show how
pair of free-running lasers [5]-{10], an optical frequemomb  the phase changes in the system without stabilization itestr
(OFC) [11]-{13], and a mode-locked-pulse laser [14]. The ug, previous study. Next, we describe our experimental syste
of monochromatic continuous-wave THz carriers is suitéle pased on on-off keying modulation and heterodyne detection
the future optical/wireless seamless networks where dgta Schemes in Section Ill. In Section IV, we show an 8.5 Gbit/s
nals are delivered through optical fiber cables and air withoger < 10-11) data transmission at 100 GHz carrier frequency
any change in the modulation format. as a proof-of-concept experiment.

As an example of the free-running laser-based approach, pho
tonically up-converted 25 Gbit/s fiber-wireless QPSK dedas-
mission BER >107%) link at the W-band (75-110 GHz) has
been demonstrated [5]. The carrier was generated by photo-

mixing two frequency-detuned (87.5 GHz) free-running fase  F19- 1 shows the conceptual diagram of the sub-THz wave
generation system with an OFC generator. The phase of asing|

frequency laser is modulated with two electro-optic mothria
(EOMSs) to generate the OFC. The carrier signals are gemkrate

Il. PHASE STABILIZATION SYSTEM
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tuate independently due to temperature fluctuations angstico
noise. The coherence of the sub-THz wave is dependent on the
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Fig. 1. The conceptual diagram of the sub-THz wave generatio .
PID controller

stability of the phase differences of the optical carriassshown far~

in the equation below: ) o o _
Fig. 2. Schematic diagram of the stabilization system whh t

Ad(t) = ¢5(t) — d1(t). (1) PID controller.

Therefore, phase fluctuations in the optical fiber cables be-
tween the AWG filter and the OC are a practical problem in thghere.J,, is a Bessel function of the first kind.
OFC-based coherent sub-THz carrier generation. Inounsehe By mixing the PD output signal with the dither signal and
A¢(t) is stabilized by locking the phases of the two optical cagutting off the higher frequency component with a low passrfil

riers (@1 (t) andgs(t)) to those of the OFC signalgd; (t) and  (LPF), at point (B), the phase fluctuation is detected astagel
¢os5(t)), where the relative phases between the OFC componesitgr signal.

are mutually locked. Vi o sinfg (t) — o1 (2)]- 7)
Fig. 2 shows a schematic diagram of the stabilization system

with a proportional-integral-derivative (PID) contralle Wheng; (t) — ¢o1(t) is small,
In our stabilization system, a dither signal is applied te th

phase of the optical carrier with a phase shifter (PS) toatlete Vi o< ¢1(t) — doi(t). 8

the phase fluctuationp( (t) — ¢o1(t)) relative to the phase of ) ) _
the reference OFC, wher (t) is the phase of, component The detected error signal is ne_glanvely fed bfick to the PS
of the OFC. We express the optical carriy (¢)) and the dither through a PID controller to stabilize the relative phase of

signal (F11 (1)) as in the equations below: b1 (t) — do1(t). To minimize th(_a phase quctuati_on, the propor-
tional term provides a proportional control action to thegh
Fi(t) = cos|wi t + ¢1(1)], (2) fluctuation, the integral term reduces the steady-stateepthac-
Fup(t) = Vipsinwas ¢ 3) tuation (phase offset), and the derivative term improvegridn-

sient response [15]. At point (C), the output signal of thB PI
wherew, = 27 f1, wa1 = 27 fq1 andfi and f4; are the frequen- controllerVprp is given as
cies of the optical carrier and the dither signal, respebtpjand

V,, is the amplitude of the dither signal. Thus, the carrier \Wwhic Vorn = Gp [V1 e /Vldt n Gni‘ﬁ] )
is modulated by the dither signal is expressed as dt

Fi(t) = cos[wit + ¢1(t) + msinwqs t], (4) whereGp is the proportional gaing:; is the integral gain, and
Gp is the derivative gain. When the error signal is zero, the

m = Vi (5) Phase of the optical carrier is locked to that of the OFC:
2V,
wherem is the modulation index anid, is the half-wave voltage $1(t) — dor(t) = 0. (10)

of the PS.

The modulated carrier and the reference OFC are coupled afig. 3 shows a schematic diagram of the coherent sub-THz
the OC, and detected by using a slow PD with a cutoff frequen®@ve generator with the phase stabilization system. Torgéme
f. of 33 kHz. Because the PD cutoff frequency is much lowér coherent sub-THz wave, the phases of the two OFC compo-
than the OFC spacing{ << frr), the photo-mixing signal be- nents should be stabilized simultaneously. Thereforedither
tween optical carriers of the same frequency is output. EhatSignals with frequencies gfi; and a5 are applied to the optical
the phase fluctuation relative to the phase of the OFC is dowTiers whose frequencies afeand f5, respectively. The out-
converted. At point (A) in the Fig. 2, the normalized AC comput signal from the slow PD consists of three compone¥its;,
ponent of the output signdl can be expressed as I, andl;. The normalized AC components are:

Il = COS[¢1(t) — ¢01(t> + msinwdlt] Il = COS[(;Sl(t) — ¢01(t) + msinwdlt]

Z {Jn(m)cos[g1(t) — do1(t) + nwait]}  (6) Z {Jn(m)cos[o1(t) — dor(t) + nwart]}, (11)
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Fig. 5. Typical fluctuation o#/;. 50 mV corresponds te.

Fig. 3. Schematic diagram of the coherent sub-THz wave gen-
erator with a phase stabilization system.
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Fig. 4. Measured OFC spectra (resolution bandwidth: 0.0g nm !!l. WIRELESSLINK USING COHERENT SUB-THZ
CARRIER

L = ‘ . In the experiment, a single frequency laser was modulated at
5 = coslgs(t) = os(t) + msinwast] frr = 25 GHz with the two EOMs to generate an OFC signal
_ > in the transmitter shown in Fig. 3. Fig. 4 shows the OFC spectr
= D_ {n(m)eoslgs (1) = dos () + nwast]} (12) measured at the resolution bandwidth of 0.02 nm. We confirmed
o that our transmitter is capable of generating a carrienfeeqgy

wherewqs = 27 f45 andfys is the frequency of the dither signaIOf more than 300 GHz as shown in Fig. 4. As a proof-of-concept,

for the f5 component. we will generate a 100 GHz coherent carrier signal and apply i
By mixing the PD output signal with two dither signals indet0 a wireless link.
pendently, phase fluctuations relative to the phase of the@ OF In the stabilization systemfq; = 12.8 kHz and fg5 =
are detected as follows 16 kHz. The cutoff frequency of the slow PD wgls = 33 kHz.
The parameters of the PID controller weie = 1.0 x 10,
V1 o sin[¢ () — ¢o1(2)], (13) Gy =1.0 x10%s,andGp = 1.0 x 107° 1/s. A piezoelec-
tric transducer (PZT) was used as the PS. The bandwidth of the
Vs o< sinfes (1) — dos(t)]- (14) closed loop was about 20 Hz.

In our stabilization system, each phase fluctuation redativthe Fig. 5 shows the typical phase fluctuations/ft) — ¢o: (7)

phases of the OFC can be detected separately, even when tA§FECted as voltage fluctuatidn in the time domain. Fig. 6
are multiple optical carriers. Therefore, our techniqua ba shows the detected voltage fluctuatignandV; with phase sta-

extended to multi-carrier format, such as orthogonal fezmy- bilization. The PZT input voltage required to stabilize thee-
division multiplexing (OFDM). tuation was about 130 V, and we estimated that the phase drift

The detected phase fluctuations are negatively fed backgo BECUT Stabilization system is 6:8L3r, because the half-wave
through PID controllers, to stabilize the sub-THz phasettiac voltage of PZT is 1820 V.

tion. Under phase stabilization, the phase of the genegated Fig. 7 shows the relative phase noise intensity spectra. The
THz wave can be expressed as phase noise below the Fourier frequency of 20 Hz decreased

significantly with phase stabilization. In our system, th#u-

AP(t) = ¢5(t) — ¢1(t) = dos — do1 (15) ence introduced by the oscillator generating the ditheradits
small compared to the phase noise of the optical signal.
whereggs — ¢p1 is a constant value, due to the OFC. To verify the generation of a coherent carrier, we conduated

proof-of-concept data transmission experiment based ewffon
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Fig. 9. Eye patterns at 3.0 Gbit/s: (a) Without phase stadiilhn
and (b) with phase stabilization.
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Fig. 10. BER characteristics at 1.5 Gbit/s. The PZT is used as

Fig. 8. Schematic diagram of the coherent receiver using sii> I the coherent system.

harmonic mixer.

mission above 3 Gbhit/s. The lower cutoff frequencies of the t

keying modulation and heterodyne detection schemes. Tine ¢dAS are 20 kHz and 60 kHz, respectively. Therefore the funda

rier frequency of 100 GHzft — fi = 100 GHz) was chosen mental component of the dither signals, 12.8 kHz and 16 kHz,

because of the availability of a uni-traveling-carrier fgtiode €an be filtered.

(UTC-PD) and a detector in the transmitter and receivepaes

tively. For the data signal, we used2&® — 1 pseudo-random

bit stream (PRBS) at a bit rate up to 8.5 Gbit/s. The data sig- V. TRANSMISSION RESULT AND DISCUSSION

nal was amplified using a driver amplifier with the bandwidth First, we tried to measure the eye patterns without phase sta

of 8 GHz and the output power of 27 dBm, and applied to tHalization, but were not able to obtain a stable pattern aieng

MachZehnder modulator (MZM) with the bandwidth of 20 GHzime (at least 30 s), due to the uncorrelated phase fluchsatib

for the on-off keying modulation. the two optical signals used for generating the 100 GHz arri
On the detection side, the OFC, which is the same as the @ignal.

used in the transmitter, was filtered with a wavelength filer ~ Figs. 9(a) and 9(b) show the eye pattern at 3.0 Gbit/s without

a single pass to generate an (local oscillator) LO signahforand with phase stabilization, respectively. When a PZT waslu

sub harmonic mixer (SHM), as shown in Fig. 8. The electrical the PS, the maximum bit rate was 5.0 Gbit/s under the error-

LO signal (f, — f» = 50 GHz) generated by photo-mixing atfree condition (BER< 10~!!). However, a bit rate of more than

PIN-PD with the bandwidth of 60 GHz was amplified by an L(®.0 Gbit/s under the error-free condition could not be ackie

buffer amplifier with a bandwidth of 20 GHz (from 40 GHz toThe main reason is the jitter caused by the leak of higher har-

60 GHz) and a gain of 30 dB. Note that unnecessary frequenagnics of the dither signal including the frequency compuse

componentsfs — f», f4 — f3 = 25 GHz) were eliminated due higher than the low cutoff frequency of the LIA.

to the band-limitation of the LO buffer amplifier. The LO sajn  For comparison, we conducted a data transmission experi-

was supplied to the SHM (bandwidth: #8410 GHz) to realize ment with direct detection using a Schottky barrier diodeas

heterodyne detection. IF bandwidth of the mixer is from DC tdetector. Fig. 10 shows the evaluation of the BER against the

10 GHz and the conversion loss is about 5 dB. The SHM demdtinsmission power at 1.5 Gbit/s. The transmission power fo

ulated the 100 GHz waves and output the recovered data signidile error-free condition in the heterodyne detection was 0.

The data signal was amplified by a low-noise amplifier (LNA}W, whereas that for the direct detection was 3.04. A sen-

with a bandwidth of 3 kHz to 18 GHz and a gain of 30 dBsitivity improvement of about 6 dB was obtained in the case of

and sharpened by a limiting amplifier (LIA). An LIA coveringerror-free condition.

a maximum bit-rate of 3.2 Gbit/s was used for the transmissio The PZT performs phase modulation via the vibration of the

of 3 Ghit/s, and one covering 10.6 Gbit/s was used for thestrampiezoelectric element causing the harmonics, while the EOM
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the other hand, the half-wave voltage of PZT is~BD V, and
the limited maximum input voltage is 150 V. Thus, the locking
range of the PZT is up to 7-515r, and the phase fluctuation is
AT T T TR TR R RO T stabilized when the PZT is used for control.

Relative harmonics intensity
(10 dB/div)

10 20 30 40 50 60 70 80 90 On the other hand, our novel phase stabilization system uses
Frequency (kHz) both EOM and PZT. Fig. 13 shows a schematic diagram of the
) ) o ] coherent sub-THz wave generator with our system. In this sys
Fig. 12. Relative harmonics intensity spectra. tem, EOMs are used to apply dither signals to optical frequen

components. The phase fluctuations detected as voltage-fluct
ations by two-stage down-conversion are negatively fed bac

performs it by using a change in the refractive index of théema the pzTs with PID controllers. By using this system, higharh
rial, e.g., LINbG. Thus, harmonics is less likely to occur whefnonics are less likely to occur, and the phases of the optizal
using the EOM than when using the PZT. We confirmed the difgr signals are stabilized more effectively than with thevious
ference in harmonics between using the PZT and using the EQYstem.
with the bandwidth of 20 GHz with experimental systems, as Figs. 14(a) and 14(b) show the eye pattern at 5.0 Gbit/s with
shown in Figs. 11(a) and 11(b). The dither signal is appled fne phase stabilization using the PZT, and with the novesgha
one frequency component of the optical carriers extras®t f giapilization using the PZT and the EOM, respectively. & th
the AWG filter with PZT or with EOM. By using a PD with @ case of our phase stabilization method, the spread of tiee jt
cutoff frequency below/rr, higher harmonic components argaysed by the leak of higher harmonics from the PZT does not
output. occur, and the maximum bit rate of 8.5 Gbit/s under the error-

Fig. 12 shows the relative harmonics intensity spectra. Thee condition is successfully achieved, as shown in Fig. 15
dither frequency was 10 kHz and the cutoff frequency of the The main reason we have not achieved a bit rate of more than
PD was 320 kHz. When using PZT, the output of the PD 8.5 Gbit/s under the error-free condition is the band-txiim
cluded the ninth harmonic at least. On the other hand, when ggthe amplifier used to drive the data signal. If the amplifer
ing EOM, the output included the second harmonic at least. dnanged to one with a wide bandwidth, e.g., 20 GHz, we can
this experiment, we did not observe a leak of harmonics highgxpect to achieve a bit rate of more than 10 Gbit/s.
than the low cutoff frequency of the LIA by using EOM. It is also necessary to consider how the phase noise of the

The half-wave voltage of the EOM is 4.5 V, and the lockescillator generating the OFC affects the phases of the sub-
ing range is only up to 371 due to the limited maximum input THz carrier signal and the BER performance. Theoretictily,
voltage of 14 V. The phase drift in our system is approximatephase noise of the carrier signal generated from an OFClsggna
6.5~13r. Therefore, the phase fluctuations are not compensatecreased by 20log{) compared to that of the oscillator, where
for a long time required to measure BER in a data transmisis the multiplication order [16]. Fofgr = 25 GHz, the phase
sion when the EOM is used for both dither and feedback. @wise of the oscillator is approximatelyl 00 dBc/Hz at the off-
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