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Abstract—We report mode locking in lasers integrated with
semiconductor optical amplifiers, using either conventional or
phase-shifted sampled grating distributed Bragg reflectors (DBRs).
For conventional sampled gratings with a continuous grating cou-
pling coefficient of ∼80 cm−1, mode locking was observed at a fun-
damental frequency of 628 GHz and second harmonic of 1.20 THz.
The peak output power was up to 142 mW. In the phase-shifted
sampled grating design, the grating is present along the entire
length of the reflector with π-phase-shifted steps within each sam-
pled section. The effective coupling coefficient is, therefore, in-
creased substantially. Although the continuous grating coupling
coefficient for the phase-shifted gratings was reduced to ∼23 cm−1

because of a different fabrication technology, the lasers demon-
strated mode locking at fundamental repetition frequencies of
620 GHz and 1 THz, with a much lower level of amplified sponta-
neous emission seen in the output spectra than from conventional
sampled grating devices. High pulse reproducibility and control-
lability over a wide operation range was seen for both types of
grating, but the π-phase-shifted gratings already demonstrate fun-
damental mode locking to 1 THz. The integrated semiconductor
optical amplifier makes sampled grating DBR lasers ideal pump
sources for generating terahertz signals through photomixing.

Index Terms—Semiconductor lasers, distributed Bragg reflector
lasers, mode locked lasers.

I. INTRODUCTION

U LTRAFAST mode-locked laser diodes (MLLDs) offer
exciting opportunities in future telecoms systems, high

speed data processing and miniaturized THz signal generators
because they are compact, robust, cheap to manufacture, and
can be integrated with other semiconductor elements such as
semiconductor optical amplifiers (SOAs). Mode-locking is a
well-established route for generating short pulses, and the short
cavity length of semiconductor lasers also offers high repe-
tition frequencies (a 500 μm cavity corresponds to a round-
trip frequency of ∼80 GHz). A robust solution for generating
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still higher frequency pulse streams is to utilize harmonic
mode-locking (HML) techniques, with compound-cavity mode-
locking (CCM) [1], [2] and colliding pulse mode-locking (CPM)
[3] widely reported (for a recent review, see [4]).

To overcome the disadvantages of CPM and CCM lasers,
we have previously proposed the use of sampled grating dis-
tributed Bragg reflector (DBR) lasers for reaching sub-THz
repetition frequencies [5]. These DBR lasers make use of con-
ventional sampled-gratings (C-SGDBR), with grating sections
spaced apart by sections of waveguide with no grating. Devices
based on C-SGDBRs have been shown to offer far superior re-
producibility, controllability, and a wider operation range than
all other reported types of THz repetition frequency MLLDs
[4], [5]. This class of device therefore represents a significant
advancement in the HML field.

A significant disadvantage of a C-SGDBR is that the ef-
fective coupling coefficient, κ, is reduced substantially from
that of a uniform grating, largely because much of the sam-
pling period has no grating. The use of π-phase shifted (PPS)
SGDBRs (PPS-SGDBRs) can overcome this limitation, as we
have demonstrated in cw semiconductor lasers [6].

In this paper, we report the use of monolithically integrated
SOAs to increase the average output power of sub-THz and
THz mode-locked pulse trains. Integrated SOAs allow the av-
erage power and peak power to be increased to more than 50
mW and 140 mW respectively. We also report mode-locking in
PPS-SGDBR lasers and compare C-SGDBR and PPS-SGDBR
MLLDs directly. Compared with the C-SGDBR, the PPS-
SGDBR has significantly larger coupling between the optical
field and the grating, so the number of grating periods and the
total length of monolithic SGDBR lasers can be reduced. The
higher coupling also enables shorter periods of the sampled grat-
ing to be used, allowing higher mode-locked frequencies to be
realized.

To the best of our knowledge, these are the first reports of such
constructions, and because of the good mode control and high
output power, these devices can be used directly as pump sources
for THz signal production using photomixing techniques [7],
without the need for additional amplification using, for example,
erbium-doped fiber amplifiers (EDFAs).

In Section II, the configurations of C-SGDBR and PPS-
SGDBR lasers will be compared. In Section III, the epitax-
ial structures and fabrication techniques are described. We will
then describe the performance of C-SGDBRs integrated with an
SOA in Section IV and the novel PPS-SGDBR integrated with
an SOA in Section V.
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Fig. 1. (a) Schematic of the MLLD based on C-SGDBR, (b) configuration of
the first-order sidewall C-SGDBR with a 0.6 μm recess (d).

II. SIDE-WALL C-SGDBR AND PPS-SGDBR
CONFIGURATIONS

The SGDBR laser has been reported previously [4], [5] and,
as shown in Fig. 1(a), consists of a reflecting facet, a saturable
absorber (SA), a gain section and a SGDBR reflector. Their
advantages for HML include:

– The SGDBR accurately determines the wavelength of op-
eration and acts as a filter, providing strong selection of
the modes desired for HML.

– Pulses are reflected into the main cavity from the DBR, and
the laser self-adjusts so that the spectral resonances of the
SGDBR align with a sub-set of the resonant frequencies
of the main cavity.

– The SGDBR concept relaxes the stringent fabrication and
cleaving tolerances associated with other HML construc-
tions (CPM and CCM), so devices can be fabricated as
readily as conventional ridge waveguide lasers.

The gratings of the C-SGDBR MLLD are etched into the
side-walls of a ridge waveguide as shown in in Fig. 1(b) [4], [5].
The mode-locked frequency is set by the round trip time of one
period of the sampled grating (P):

Fr = c/(2ngP ) (1)

where c is the velocity of light in free space, and ng is the group
index, �3.4889. P represents the burst period of the grating
and has a value of 67.5 μm for a mode-locking frequency of
640 GHz. P1 represents the length of the grating burst, which is
10 μm long and of first-order with a 50% duty cycle and formed
by etching 0.6 μm deep recesses (d) into the sidewalls of the

Fig. 2. Device structures based on (a) C-SGDBR, (b) PPS-SGDBR, and
(c) simulated reflection spectra for C-SGDBR and PPS-SGDBR.

waveguide. Λ represents the grating period and is 245 nm. The
coupling coefficient of a uniform grating, κ0 , was measured to
be approximately 80 cm−1 when using a reactive-ion etching
(RIE) machine with an optimized dry etch recipe [4], [5].

Fig. 2 illustrates a C-SGDBR and a PPS-SGDBR. The
C-SGDBR structure is the same as that of Fig. 1, except here the
grating period Λ = 246 nm and κ0 = 23.2 cm−1 . The number
of sampling periods Ns is 10. When the duty cycle of the PPS-
SGDBR is chosen to be P1 /P = 0.25, the different order peaks
in the reflection spectrum are most uniform which is suitable
for the THz repetition frequency mode locking. The effective
κ of the PPS-SGDBR is expected to be more than three times
((67.5 − 2 × 17)/10 = 3.35) that of a C-SGDBR and nearly
half ((67.5 − 2 × 17)/67.5 = 0.4963) that of a uniform grating.
The 0th order gratings have a period of 246 nm, sampling period
P = 67.5 μm, and the grating burst P1 = 10 μm and 17 μm
for the C-SGDBR and PPS-SGDBR respectively. Transfer ma-
trix simulations of the reflectivity of the two kinds of SGDBR
confirm this analysis (Fig. 2(c)). The central peak wavelength
(λpeak) is 1572 nm and the spacing between reflectivity peaks
is about 5.22 nm. Here we ran the grating dry etch process in
a new inductively coupled plasma (ICP) machine which is not
yet fully optimized. The recipe we used resulted in a rougher
grating surface and exhibited a RIE lag effect, so here the cou-
pling coefficient of a uniform grating, κ0 , was measured to be
approximately 23.2 cm−1 , less than that of 80 cm−1 using the
optimized RIE dry etch recipe.

III. MATERIAL STRUCTURE AND FABRICATION

In the work reported here, we used a five quantum well (QW)
AlGaInAs/InP structure grown in a single step which has been
described in our previous research [8]. We use a side-wall etched
SGDBR which can be simultaneously defined and fabricated
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Fig. 3. (a) Optical microscope picture of the MLLD integrated with an SOA,
(b) the SEM picture of the side-wall grating burst of first-order with a 50% duty
cycle and 0.6 μm depth recesses.

along with the ridge waveguide using conventional electron
beam lithography (EBL) and RIE (ICP) techniques, eliminating
the oxidation of the active layer and the need for overgrowth and
simplifying the fabrication process [9]. The device fabrication
procedures were similar to those described in [10], and the lasers
were tested under CW biasing conditions at 20 °C. Here we need
to point out that the C-SGDBR MLLD described in Section IV
was fabricated using an old RIE machine with an optimized dry
etch recipe and the PPS-SGDBR and its counterpart C-SGDBR
in Section V were fabricated using a new ICP machine which is
not yet fully optimized. As a result, the continuous grating κ0
was reduced for the new process. Both facets were uncoated, but
the angled waveguide at the SOA side of the device minimizes
back-reflections from the output facet [11].

IV. C-SGDBR MLLD INTEGRATED WITH AN SOA

An optical microscope picture of the top view (p-side) of the
fabricated device of the C-SGDBR MLLD integrated with a
SOA along with its dimensions is shown in Fig. 3(a). For sim-
plicity, we shall refer to the C-SGDBR as the SGDBR in this
section. The device has a total length of 2295 μm of which the
gain section is 960 μm, the saturable absorber (SA) section is
20 μm, and the SGDBR section is 675 μm. The ridge wave-
guide width (w) for these sections is 2.5 μm. The curved SOA
is 550 μm long, with w increasing from 2.5 μm to 6 μm with a
curvature radius of 3455 μm. This results in a tilt of 10° at the
output facet to reduce the optical reflectivity [11]. The electri-
cal isolation gap between the SA, gain and SGDBR sections is
20 μm, and the gap between the SOA and SGDBR sections is
50 μm. The configuration of the SGDBR section is the same as
that in Fig. 1(b), and an SEM picture of the side-wall grating
burst of first-order with a 50% duty cycle and 0.6 μm depth re-
cesses is shown in Fig. 3(b). As discussed in Section II, for these
devices the coupling coefficient of a uniform grating, κ0 , was
measured to be approximately 80 cm−1 using the sub-threshold
spectral fitting method [12].

Fig. 4. (a) Typical output power from the SOA side as a function of the gain
current with different IS OA (from 0 mA to 350 mA with steps of 50 mA) when
the VS A = −3 V and IS G D B R = 0 mA; 2D optical spectra as a function of
(b) IS G D B R and (c) IS OA .

Passive mode-locking of the device was obtained by forward
biasing the gain, SGDBR, and SOA sections and reverse biasing
the SA section.

Fig. 4(a) shows the average output power (measured from the
SOA output facet) versus the gain current (IGain ) for different
SOA currents (ISOA ) with an applied SA reverse voltage (VSA )
of −3 V and SGDBR current (ISGDBR ) of 0 mA. The threshold
current was 70 mA. The waveguide loss in the C-SGDBR sec-
tion includes internal loss, saturation absorption, and scattering
loss, altogether totaling ∼20 cm−1 . An average output power of
52 mW was achieved at IGain = 300 mA, ISOA = 300 mA, be-
yond which the SOA saturated. Kinks were observed on some
of the L–I curves. These are typical for a DBR laser, being
caused by thermal detuning between the gain, SGDBR, and
SOA sections, and are associated with the observed mode hop-
ping phenomenon [13]. Fig. 4(b) shows the 2D optical spectra
for a range of ISGDBR from 0 mA to 40 mA when VSA = −3 V,
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Fig. 5. The performance of C-SGDBR MLLD integrated with an SOA un-
der the operation conditions of VS A = −3 V, IS G D B R = 0 mA, IS OA =
300 mA: (a) 2D optical spectra as a function of gain current, (b) optical spectrum
at the point of IGain = 288 mA, (c) corresponding AC showing mode-locking
Fr of 628 GHz.

IGain = 280 mA, and ISOA = 300 mA. Fig. 4(c) shows the lon-
gitudinal mode spacing was independent of ISOA , although the
channel peaks were slightly influenced by thermal tuning, as
evidenced by the small red shift. The absence of Fabry-Perot
features confirms that reflections from the SOA output side can
be neglected. The results also confirm that λpeak and the mode
spacing are accurately determined by Λ and P respectively.
The longitudinal mode spacing is essentially independent of
ISGDBR and temperature.

Stable mode-locking over a wide range of drive parameters
is an important feature for these MLLDs as it simplifies the
operation for end-users. Pure mode-locked operation at ∼640
GHz pulse repetition frequency was observed for a large range
of laser bias parameters: IGain varied from 40 mA to 290 mA,
VSA from 0 V to −3.0 V, IDBR from 0 mA to 20 mA (below
the threshold current of the SGDBR section), and ISOA from 0
mA to >300 mA.

Fig. 5(a) shows the 2D optical spectra for a range of IGain

from 0 mA to 300 mA when VSA = −3.0 V, ISGDBR = 0 mA

and ISOA = 300 mA. The spectrum was measured with a reso-
lution bandwidth of 0.07 nm. The laser shows stable operation
with a mode spacing of around 5.16 nm. As IGain was in-
creased, the peak wavelength red-shifted. The optical spectrum
with IGain = 288 mA is shown in Fig. 5(b). The central wave-
length is 1570 nm with a channel average spacing of 5.16 nm
and a 3 dB bandwidth of 7.44 nm. This spacing of the peak
wavelength between adjacent channels is less than the designed
value of 5.22 nm, but the apparent error is within the resolution
bandwidth of the optical spectrum analyzer of 0.07 nm. The
main peak wavelengths of adjacent channels in Fig. 5(b) are not
perfectly equidistant, which we ascribe to the large dispersion of
the gratings (dn/dλ = −2.1 × 10−4 nm−1). The average chan-
nel spacing corresponds to an Fr of ∼628 GHz. The measured
AC trace is shown in Fig. 5(c), under the following bias condi-
tions: VSA = −3.0 V, IGain = 288 mA, ISGDBR = 0 mA, and
ISOA = 300 mA. The average period of the measured emitted
pulse train was 1.59 ps, which corresponds to an Fr of 628 GHz,
in accordance with the optical spectrum mode spacing shown
in Fig. 5(b). The AC width of an isolated pulse was 0.77 ps,
which deconvolves to a pulse width of 0.50 ps, assuming a sech2

pulse shape. The time-bandwidth product (TBP) of the pulse is
equal to 0.45, which is somewhat larger than the transform-limit
(�0.315) for a sech2 pulse shape, due to self-phase modulation
(SPM) in the gain and SOA sections [14]. The average output
power was 51.5 mW, and the corresponding peak power was
142 mW.

Although the second harmonic frequency of Fr ∼ 1.20 THz
is visible when IGain < 294 mA and |VSA | > 2.4 V, the most
obvious area of second harmonic operation area is with IGain ≥
294 mA and |VSA | ≤ 2.4 V. We favor the suggestion that the
effect occurs as a result of the presence of two high intensity
pulses propagating in each of the DBR sampled grating sections
simultaneously, which overlap and interfere in the middle of the
sections.

Fig. 6(a) shows the 2D optical spectra for a range of IGain val-
ues from 0 mA to 300 mA when VSA = −2.4 V and ISGDBR =
0 mA. An evolution to mode-locking at the 2nd harmonic can be
observed when IGain is between 294 mA and 300 mA. The op-
tical spectrum at IGain = 300 mA is shown in Fig. 6(b), where
the central wavelength is 1567 nm with a channel spacing of
9.6 nm and 3 dB bandwidth of 9.53 nm. The spacing of the
peak wavelength of the adjacent channel is nearly double that
shown in Fig. 5(b). The measured AC trace is shown in Fig. 6(c)
where the average period of the measured emitted pulse train is
0.83 ps, which corresponds to an Fr of 1.20 THz (approximately
the 2nd harmonic). The AC width of an isolated pulse was 0.43
ps, which deconvolves to a pulse width of 0.28 ps, assuming a
sech2 pulse shape. The TBP of the pulse is equal to 0.33, which
is nearly transform-limited (�0.315) for a sech2 pulse shape.
The average output power was 54.4 mW and the corresponding
peak power was 142 mW.

V. PPS-SGDBR MLLD INTEGRATED WITH AN SOA

We now consider the use of π-phase steps within the sam-
pling period to increase the coupling. To confirm that the
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Fig. 6. The performance of C-SGDBR MLLD integrated with an SOA un-
der the operation conditions of VS A = −2.4 V, IS G D B R = 0 mA, IS OA =
300 mA: (a) 2D optical spectra as a function of gain current, (b) optical spec-
trum at the point of IGain = 300 mA, (c) corresponding AC traces showing
mode-locking Fr of 1.20 THz.

PPS-SGDBRs have an increased effective κ, we fabricated
sub-THz repetition frequency MLLDs monolithically integrated
with SOAs based on the configurations of C-SGDBR and PPS-
SGDBR described in Fig. 2(a) and Fig. 2(b) respectively. The
0th order gratings have a period (Λ) of 246 nm, sampling period
P = 67.5 μm, and the grating burst P1 = 10 μm and 17 μm for
the C-SGDBR and PPS-SGDBR respectively. To make a valid
comparison possible, both types of device were fabricated close
together, pair by pair, in the same bars. Devices based on the
C-SGDBR and PPS-SGDBR and their SEM pictures are shown
in Fig. 7. Compared with Fig. 3(a), the only differences for the
C-SGDBR are that the SOA length is 600 μm instead of 550 μm,
the grating period Λ = 246 nm, and the gap between the SOA
and SGDBR sections is 30 μm instead of 50 μm.

Fig. 8 shows the average output power (from the SOA side)
versus IGain for different ISOA with an applied VSA of −3 V
and PPS-SGDBR current (IP P S−SGDBR ) of 10 mA for the

Fig. 7. Device structures based on C-SGDBR and PPS-SGDBR and their
SEM pictures.

Fig. 8. Typical output power from the SOA side of the PPS-SGBBR laser
vs the gain current with different IS OA (from 0 mA to 200 mA with steps of
50 mA) when the VS A = −3 V and IP P S−S G D B R = 10 mA.

case of the PPS-SGDBR MLLD. The threshold currents for all
the ISOA cases are less than 50 mA with a maximum average
output power of 27.8 mW after the SOA. Although the PPS-
SGDBR section loss is higher than that of the C-SGDBR due
to the longer effective length of the PPS-SGDBR, its mirror
reflectivity is much higher than that of the C-SGDBR, so the
threshold current can be the same as or even lower than that
of the C-SGDBR. The relatively lower output power may be
due to two reasons: the higher mirror reflectivity resulting in a
lower slope efficiency for the PPS-SGDBR, and a lower peak
gain in the 600 μm long SOA because the peak gain of an SOA
is inversely proportional to the SOA’s active volume. The latter
effect is likely to be dominant.

Fig. 9(a) shows the corresponding lasing spectra of both
C-SGDBR and PPS-SSDBR MLLDs under operating con-
ditions of VSA = −3 V, IGain = 144 mA, ISGDBR = 10 mA,
ISOA = 150 mA. As we pointed out in Section II, for these de-
vices, the uniform grating κ0 ≈ 23.2 cm−1 , much lower than
the value of 80 cm−1 in the C-SGDBR MLLDs integrated with
an SOA reported in Section IV. However, the effective κ of
the PPS-SBG is significantly larger than that of the C-SGDBR,
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Fig. 9. (a) The optical spectra of C-SGDBR and PPS-SGDBR MLLDs
measured at VS A = −3 V, IGain = 144 mA, IS G D B R = 10 mA, IS OA =
150 mA and (b) measured autocorrelation trace for PPS-SGDBR.

giving a clearer and sharper reflection comb with a wavelength
spacing of 5.1 nm. For the same reason, the amplified sponta-
neous emission (ASE) level of the PPS-SGDBR MLLD output
spectra is much lower than that of the C-SGDBR MLLD. The
central wavelength was 1569.2 nm with a 3 dB bandwidth of
6.54 nm. The measured autocorrelation trace of the PPS-based
devices is shown in Fig. 9(b). Because the gain peak is red-
shifted by 10 nm, the number of longitudinal modes is reduced
and the AC trace is noisier than that in Fig. 5(c). The average
period of the pulse train is 1.6 ps, corresponding to an Fr of
620 GHz, and the pulse width is 0.54 ps. The average output
power is 19 mW, with a corresponding peak power of about
50 mW.

The PPS-SGDBR has the same characteristics as that of C-
SGDBR, i.e., λpeak and the mode spacing are accurately deter-
mined by Λ and P respectively. The longitudinal mode spacing
is essentially independent of ISGDBR and temperature.

Recently we have fabricated PPS-SGDBR lasers with a still
higher Fr – namely 1 THz – taking mode-locked operation well
into the ITU defined THz frequency band (275 GHz to 3 THz).

The device configuration is similar to the PPS-SGDBR in-
tegrated with an SOA shown in Fig. 7. The only difference
is the PPS-SGDBR section is 648 μm long and the 0th order
grating period Λ = 244 nm. The duty cycle of the PPS-SGDBR
is still chosen to be P1/P = 0.25, P = 43.2 μm, P1 = 11 μm,
Ns = 15. The effective κ of the PPS-SGDBR is expected to be
around twice ((43.2 − 2 × 11)/11 = 1.93) that of a C-SGDBR
and nearly half ((43.2 − 2 × 11)/43.2 = 0.49) that of a uni-
form grating. Transfer matrix simulations of the reflectivity
of the PPS-SGDBR and a comparison with the corresponding
C-SGDBRs are shown in Fig. 10(a), which confirms the above
analysis. The central peak wavelength (λpeak) is 1560.5 nm and
the spacing between reflectivity peaks is about 8.1 nm.

Fig. 10. (a) Simulated reflectivity spectra of the 1THz PPS-SGDBR and its
counterpart C-SGDBR, (b) typical output power from the SOA side vs the gain
current with different IS OA (from 0 mA to 200 mA with steps of 50 mA)
when the VS A = −3 V and IP P S−S G D B R = 10 mA, (c) the optical spec-
trum and FFT of AC trace(inset) measured at VS A = −3 V, IGain = 232 mA,
IP P S−S G D B R = 10 mA, IS OA = 100 mA and (d) measured autocorrelation
trace for the PPS-SGDBR.

Fig. 10(b) shows the average output power versus the gain
IGain for different ISOA with an applied VSA of −3 V and
IP P S−SGDBR of 10 mA for a PPS-SGDBR laser mode-locked
at 1 THz. A maximum output power of 28 mW was achieved
which is nearly the same as that in Fig. 8 for the 620 GHz
PPS-SGDBR device.
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In our devices, although the uniform grating κ0 ≈ 23.2 cm−1

because of the RIE lag effect, the effective κ of the PPS-SGDBR
is nearly twice of that of the counterpart C-SGDBR. As can be
seen in Fig. 10(c), the reflection comb is clearer and sharper than
that of the C-SGDBR with an average wavelength spacing of
around 8.1 nm, the same as the simulation results in Fig. 10(a).
Again, the main peak wavelengths of adjacent channels in
Fig. 10(c) are not perfectly equidistant, which we ascribe to the
large dispersion of the gratings (dn/dλ = −2.1 × 10−4 nm−1).
The central wavelength is 1564.5 nm with a 3 dB bandwidth
of 9.14 nm. Fig. 10(d) shows the corresponding autocorrelation
traces, with the bias conditions indicated in the caption. The
average period of the pulse train was measured to be 1.0 ps, cor-
responding to an Fr of 1 THz. The fast Fourier transform (FFT)
of the AC trace is plotted inset in Fig. 10(c) which shows both
fundamental mode-locked frequency at 1 THz and its higher
harmonics. This leads to the irregularities in the AC trace. The
AC width of an isolated pulse was 0.59 ps, which deconvolves to
a pulse width of 0.38 ps, assuming a sech2 pulse shape. The TBP
of the pulse is equal to 0.43, higher than the transform-limited
value (�0.315) for a sech2 pulse shape. This means the pulse
signal has a significant chirp which is again attributed to SPM in
the laser gain and SOA sections [14]. The average output power
was 15 mW with a corresponding peak power of about 35 mW.

VI. CONCLUSION

In conclusion, by integrating an SOA, we have increased the
output power of 1.5 μm range AlGaInAs/InP MLLDs oper-
ating at both 628 GHz and a second harmonic of 1.20 THz.
After the SOA, the peak power of the pulses is as large as
142 mW. Fundamental operation of MLLDs at Fr = 620 GHz
and Fr = 1 THz has also been successfully demonstrated, based
on PPS-SGDBRs. Compared with C-SGDBRs, PPS-SGDBRs
increase the effective coupling coefficient and the optical phase
is managed along the entire length of the grating, resulting in
cleaner and sharper optical spectra with a much lower level of
ASE. Compared with other reported devices, our lasers based
on side-wall etched SGDBRs use simple and reproducible fab-
rication technologies and exhibit highly controllable and robust
mode-locked operation. These high power MLLDs are expected
to be used as pumping source to produce the THz signal when
using the photomixing techniques.
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