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Abstract: Photonics-based technologies are key players in a number of emerging applications
in the terahertz (THz) field. These solutions exploit the well-known advantages of optical
devices, such as ultra-wide tuneability and direct integration with fiber networks. However,
THz receivers are mainly implemented by fully electronic solutions, where Schottky barrier
diodes (SBD) are the preferred option as detectors and mixers due to their excellent response
within the THz range at room temperature, and technological maturity. Here, we demonstrate an
SBD-based subharmonic mixer (SHM) at 300 GHz pumped with a photonic local oscillator. The
Schottky mixer is a prototype designed and manufactured by ACST GmbH, operating at 270-320
GHz. The local oscillator is generated by photomixing on a high-frequency and high-power
uni-travelling-carrier photodiode (UTC-PD), providing enough power to saturate conversion loss.
Minimum single-side-band conversion loss of 14.4 dB and a peak dynamic range of 130 dB have
been measured. Finally, as a proof of concept we realize an all-photonics-based 5 Gbps wireless
bridge, utilizing the optically-pumped SBD mixer. With this work, we prove the feasibility of
high-performance hybrid Schottky-photonic THz receivers, incorporating the best of both worlds.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The terahertz (THz) frequency electromagnetic band can be defined from 0.1 THz to 30 THz [1],
filling the gap between infrared light and microwave radiation. Historically, radio-astronomy
has driven the development of THz technologies, but in the last few decades, a variety of
applications have attracted great interest, including telecommunications [2,3], material science
[4,5], biological and biomedical sciences [6—8], and security imaging [9—11] among others.

In this context of emerging trends, photonics-based THz technologies are playing an important
role in the generation, detection, processing and transportation of THz signals, constituting the
so-called field of THz photonics [12,13]. Optical devices and techniques are particularly attractive
for THz applications because they offer intrinsic advantages such as ultra-wide tuneability and
low-loss fiber propagation. In THz communications for example, links enabled by high-frequency
and high-power uni-travelling-carrier photodiodes (UTC-PD) are among the systems with the
highest data rates achieving over 100 Gbps [14,15]. In addition, photonics-based solutions can
be directly integrated with fiber networks, where mature coherent technology can be exploited,
thus implementing seamless THz-fiber systems.

The receiver side of THz systems is currently dominated by all-electronic solutions [16,17].
A wide range of THz receivers are based on heterodyne detection, down-converting to a much
lower intermediate-frequency (IF), by mixing the THz wave with a reference signal, which is
often denoted as local oscillator (LO). This scheme has been used for decades in microwave
and THz systems, with well-known advantages such as an improvement in sensitivity, frequency
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channel selection, IF amplification and processing, and coherent detection. Some types of
THz mixers include superconductor-insulator-superconductor (SIS) mixers [18,19], hot electron
bolometers (HEB) [20,21], field effect transistors (FETs) [22,23], and optoelectronic mixers
based on low-temperature-grown GaAs/InGaAs (LTG-GaAs/InGaAs) photoconductors [24-26],
and UTC-PDs [27].

All of these present particular advantages and limitations. SISs and HEBs exhibit the lowest
noise equivalent power (NEP) and require low LO power (~1-100 uW), but SISs must operate at
cryogenic temperatures (~ 4K), and although HEBs are capable of room temperature operation,
cryogenic cooling is required to obtain low NEP. FETs are a promising semiconductor solution
for uncooled detectors, but they still face challenges regarding THz wave coupling and integration
with other components. Optoelectronic mixers incorporate the advantages of photonics but the
reported conversion efficiencies and IF bandwidths are lower than other THz mixer technologies.

Additionally, planar GaAs Schottky barrier diode (SBD) mixers have been the leading solution
as THz heterodyne receivers especially for space applications, due to their characteristics of
high conversion efficiency, low parasitics, low weight and compactness, high IF bandwidth, and
room temperature operation [28,29]. Nowadays, commercial THz Schottky mixers are widely
available, being a more mature and reliable option than other competing technologies. One of the
main drawbacks of these mixers is that the required LO power is typically above 0 dBm, which
limits the use of photomixers as LO signal generators.

In photonic local oscillator systems, the generation can be decentralized and distributed
over a fiber-network [30]. By exploiting the ultra-wide tuneability of photonic sources, the
same LO unit can be used to cover multiple THz bands. Furthermore, the resulting phase
noise does not suffer from a penalty associated with typically used electronic LO multiplier
chains, where the phase noise is increased by 20/og(N), with N as the factor of multiplication.
Thus, with phase-locked optical sources, comparable or even lower phase noise can be achieved
[31,32]. These features make this approach particularly attractive for applications such as wireless
communication networks or radio-astronomy. In fact, radio observatories like LMSA and ALMA
already implement photonic LO systems, but only serving as a reference signal [33] or pumping
SIS mixers [34,35], with the aforementioned limitations.

This work presents the first successful THz Schottky mixer at 300 GHz pumped with a photonic
local oscillator, generated by photomixing in an UTC-PD. The key feature of the Schottky mixer
is the implementation of low-barrier InGaAs-based diodes, significantly reducing the required LO
power. The first section of the paper is devoted to the description of the receiver. Characterization
methods and results are contained in sections 3 and 4 respectively. Finally, we demonstrate the
receiver in a real-world application, by realizing a THz wireless bridge between two optical ends,
enabled by photonics both at the transmitter and the receiver.

2. 270-320 GHz SBD mixer and UTC-PD receiver

The schematic of the optically pumped receiver is depicted in Fig. 1(a). The subharmonic mixer
(SHM) operates within the band 270-320 GHz and the local oscillator signal must be provided at
half the RF band, i.e. 135-160 GHz. The down-converted IF signal can be varied from 0 to 18
GHz. The RF, LO and IF ports are based on rectangular waveguide WR-3.4, WR-6.5, and an
SMA connector respectively. A pyramidal antenna is used to couple the incoming RF signal.
The SHM implements low-barrier SBDs on an antiparallel configuration (Fig. 1(b)), suppressing
odd harmonic mixing products [36]. The resulting IF is related to the RF and LO frequencies by
Jir = frr = 2f10-

The low-barrier SBDs are based on a InGaAs compound in combination with particular
metals to realize the Schottky junction [37]. The resulting barrier height lies within 0.2-0.3 eV,
compared to typical ~0.8 eV of GaAs SBDs. This enables zero-bias operation with low power
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Fig. 1. Schottky mixer and photonic local oscillator receiver: (a) Schematic of the receiver.
The local oscillator signal is generated by optical heterodyning on an UTC-PD at the first
even harmonic of the incoming RF signal. (b) Physical arrangement and component insights
of the receiver.

LO requirements. The Schottky diodes and the mixer have been fully designed and fabricated at
ACST GmbH, employing a proprietary Film-Diode (FD) technology process [38].

A waveguide-integrated UTC-PD with 3x10 um? of active area integrated with a co-planar
waveguide generates the LO signal at the 135-160 GHz band acting as a photomixer. In this
type of photodiode, a thin p-type quasi-neutral layer of InGaAs is used as an absorber [39]. The
photo-generated majority holes respond within the relaxation time, which is as low as 33 fs for
lattice-matched InGaAs [40]. Therefore, only electrons contribute to the UTC-PD response,
for which the drift velocity in InGaAs can be up to 10 times higher than for holes. This also
contributes to the reduction of the space-charge effect in the depletion layer, resulting in a higher
output saturation power [39]. The particular epitaxial layers, structure, and fabrication details of
the UTC-PD used in this work can be found in [41].

Two 1.55 um free-running lasers with emitting frequencies f; and f> separated by the desired
LO frequency f7o pump the UTC-PD. Light is coupled horizontally to the photodiode waveguide
via an optical fiber, as shown in Fig. 1(b). An optical heterodyning process [42] on the UTC-PD
generates an electrical signal of frequency f7o at the output. In order to couple the output of
UTC-PD with the LO port, we use a GSG probe as shown in Fig. 1(b). The probe is a Cascade
Microtech air co-planar (ACP) WR-8 model with 90-140 GHz of bandwidth, which incorporates
a bias T allowing the DC voltage of the UTC-PD to be set. Notice that the rectangular waveguide
size does not match the LO input port, and the cut-off frequency is lower than the maximum
required LO frequency. This inevitably results in lower power delivered to the mixer’s Schottky
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diodes. However, as shown later, the power is enough to drive the mixer at optimum conditions
across most of the operating band.

3. Characterization setups and methods

3.1. Radio-frequency and local oscillator power measurements

The first step to characterize the receiver is to measure the incoming RF and LO power. The
setup for this purpose is depicted in Fig. 2. The THz transmitter used in this study is based on an
antenna-integrated (bow-tie type) UTC-PD photomixer, fabricated and packaged at UCL [43].
The UTC-PD package includes an aplanetic hyper hemispherical silicon lens of 6 mm diameter,
used to shape the radiated THz beam.

Reference Signal
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Optical
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Fig. 2. Schematic of the RF and LO power measurement setup using a Thomas Keating
power meter. PC: Polarization controller, LD: Laser diode, OSA: Optical spectrum analyzer,
EDFA: Erbium-doped fiber amplifier.

The power of the radiated wave is detected by a Thomas Keating absolute power meter, based
on the opto-acoustic effect. Two 1.55 um continuous-wave (CW) lasers, one fixed at 1553.73 nm
(RIO Orion Series) and one tuneable (Agilent 81682A), generate two optical waves separated by
the desired THz frequency frz,. The tuneable laser signal is chopped at a frequency of 15 Hz, and
the reference chopping signal is sent to a lock-in amplifier connected to the output of the power
detector. An Erbium-doped fiber amplifier (EDFA) (Thorlabs EDFA100S) is placed before the
transmitter to compensate for optical losses and maximize the input power to the UTC-PD. The
optical power of each signal at the input of the EDFA was 3.5 dBm and 2 dBm for the UTC-PD
THz transmitter and the UTC-PD LO generator respectively. A set of 3 polarization controllers
(PC) ensure that both laser signals’ polarizations are aligned between them and with respect to
the photodiode’s optical waveguide mode.

The radiated THz wave propagates across a 20 cm free-space path, which includes two
Polytetrafluoroethylene (PTFE) lenses (Thorlabs PTFE LATO075) and an infrared (IR) block
(Tydex LPF8.8-35). In order to determine and calibrate the laser frequency separation, a high-
resolution (10 MHz) optical spectrum analyzer (OSA) is employed (BOSA Aragon Photonics).
When measuring the LO power, the output of the GSG probe is coupled to a WR-8 Flann 20 dB
standard gain horn antenna. In this case, the THz power meter is placed at a very close distance
(2 cm) from the antenna, to ensure all the emitted power is collected by the power meter.

The RF and LO powers are measured from 220 GHz to 320 GHz in 0.5 GHz steps, and from
135 GHz to 160 GHz in 0.25 GHz steps, respectively. For each point, the frequency of the
tuneable laser is set and calibrated according to the fixed laser frequency measured at the OSA.
After 10 seconds of settling time, the power is measured by storing a 1-minute-long trace from
the lock-in amplifier (time constant of 10 seconds) for each frequency. The optical power at the
input of the UTC-PD THz transmitter was 20 dBm, generating a photocurrent of 9.2 mA when
biased at —2 V, whereas for the UTC-PD LO generator, the optical power was set to 18.4 dBm
resulting in 15 mA of photocurrent when biased at -3 V.
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3.2.  Schottky mixer characterization

Once the RF and LO powers have been measured, the characterization of the Schottky mixer’s
performance is carried out, which consists of a set of IF power measurements. The schematic of
the setup for this purpose is depicted in Fig. 3. In this case, an additional laser (Agilent 81640A)
is required to generate a signal with a frequency separation f7 from the fixed laser. The same
fixed laser is used to generate both the RF and LO frequencies, by incorporating two-by-two
50:50 couplers in an arrangement as shown in Fig. 3. The three laser signals are also combined
and connected to the OSA, enabling calibration and measurement of their frequency separation.

ESA
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Fig. 3. Schematic of the sub-harmonic mixer characterization setup. LNA: low noise
amplifier, SHM: Sub-harmonic mixer, ESA: Electrical spectrum analyzer. PC: Polarization
controller, LD: Laser diode, OSA: Optical spectrum analyzer, EDFA: Erbium-doped fiber
amplifier.

The free-space path from the transmitter to the SHM antenna is the same as in the RF power
measurement setup to ensure that the power levels at the input of the SHM are equal in both
cases. The 20 cm distance ensures that the SHM’s antenna is operating in far-field conditions. To
verify that no significant near-field effects are added by using the PTFE lenses, we additionally
measured the received power varying the distance between the two lenses between 5 cm and 100
cm, measuring always the same power with a + 0.5 dB difference. The same optical powers at
the input of the EDFAs as in the previous setup are set, biasing the UTC-PD transmitter again at
—2 V. A low-noise amplifier (LNA) with a frequency range of 0.01 to 30 GHz and 40 dB typical
gain (RF-Lambda RLNAOOG30GA), is connected at the output of the SHM to raise the power
level of the down-converted IF signal. The output of the LNA is connected to an R&S FSU-26
electrical spectrum analyzer (ESA) where we measure the IF power.

With this setup, several figures of merits (FoMs) were measured. In particular, single-side-band
conversion loss (SSB-CL), IF response, sensitivity, and dynamic range. SSB-CL is the most
important FoM of an electronic mixer, because it determines the efficiency of the frequency
conversion. It is defined as the ratio between the input RF power and output IF power, and in this
case it is calculated as follows

SSBCL(dB) = PRp(dBm) - P]F(dBm) + G]p(dB) (1)

where Pgr is the RF power measured previously, P;r is the IF power measured at the ESA, and
Gir is the IF path gain, including the LNA and all cables and connectors. P;r for the SSB-CL
characterization was measured by setting —3 V of bias voltage and 15 mA of photocurrent (18.4
dBm of optical input power) at the UTC-PD LO generator. The SSB-CL was obtained from 270
to 320 GHz of RF frequency in 0.5 GHz steps, tuning the lasers accordingly to have a constant IF
frequency of 1 GHz. For each frequency point, 10 values of IF power, RF, LO and IF frequencies
are recorded, with 8 seconds of settling time between points. The gain of the full IF path from
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0.01 to 30 GHz is obtained with a calibrated measurement on a vector network analyzer (VNA).
In addition to that, SSB-CL was measured by varying the optical input power of the UTC-PD LO
generator, i.e. at different photocurrents and incoming RF frequencies. This measurement allows
us to determine that the UTC-PD provides enough LO power to reach the optimum operating
point of the Schottky mixer, saturating the received IF power, and therefore the SSB-CL. The
input optical power is increased from —1.5dBm to 18.4 dBm in 0.2 dB steps, resulting in a
photocurrent ranging from 0.1 to 15 mA. This was repeated for several frequencies from 270 to
320 GHz and bias voltages of —1, =2, and —3 V.

The IF response shows the IF power decay from low to higher frequencies, giving the 3 dB IF
bandwidth of the Schottky mixer. To measure this FoM, the RF frequency is fixed at 270 GHz,
setting the LO frequency for an initial IF of 0.5 GHz. The LO is tuned accordingly to measure
power from 0.5 to 20.5 GHz. The IF response is obtained by normalizing with respect to the
power at 0.5 GHz and the IF path gain.

Finally, we measured sensitivity and dynamic range. In this study we define the sensitivity as
the noise power density observed at the ESA, normalized to 1 Hz of bandwidth, i.e. the minimum
detectable IF signal power. This is carried out using the same procedure as for SSB-CL, but
turning the THz transmitter off, and measuring the noise power density at the ESA, across the RF
band of the Schottky mixer. Once the sensitivity is measured, the dynamic range is obtained
by the ratio of the sensitivity to the maximum power measured for each RF frequency. Notice
that the sensitivity is limited by the full receiver system, including noise contributions of the IF
components and instruments, and not only by the electronic mixer’s NEP. The dynamic range in
this case is also limited by the radiated power of the THz transmitter.

4. Characterization results

4.1. Radio-frequency and local oscillator power

The measured RF power is depicted in Fig. 4(a). Shaded error bars represent a confidence interval
of +0 in every plot of the presented results. A maximum power of —17.44 dBm was measured at
220 GHz and a minimum power of —25.61 dBm at 320 GHz. The standard deviation is typically
less than 1 dB. Characterizing RF power with low error is critical because it will accumulate for
SSB-CL.

(a) (b)

—©—Vbias =-3 V, Iph =15 mA

—&—Vbias =-2 V, Iph =9 mA

-20 |

RF Power (dBm)

N
3

220 240 260 280 300 320 135 140 145 150 155 160
RF Frequency (GHz) LO Frequency (GHz)

Fig. 4. Power measurement results: (a) Transmitted RF power from the antenna-integrated
UTC-PD from 220 to 320 GHz. Reverse bias voltage is set to 2 V, giving a photocurrent
of 9.2 mA. (b) LO power generated by the GSG probed UTC-PD, from 135 to 160 GHz.
Reverse bias voltage is set to 3 V, giving a photocurrent of 15 mA.
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Figure 4(b) shows the measured LO power. In this case, error bars are barely visible. This is
attributed to the fact that the LO power is much higher than the noise equivalent power of the
Thomas Keating Power meter, estimated at 1 uW (=30 dBm). A maximum power of 0.53 dBm
is measured at 136.25 GHz and a minimum of —14.23 dBm at 146.25 GHz, where a resonant
feature can be observed. This behaviour can be attributed to the WR-8 probe, as it is rated up
to 140 GHz and the cut-off frequency of the rectangular waveguide upper mode is expected
to be at 147.5 GHz, being fairly close to the measured resonance. The second minimum of
—7.51 dBm is measured at 157.75 GHz. The overall power decay is caused by a combination of
UTC-PD frequency response and ACP probe bandwidth. As the Schottky mixer is designed to
require a LO power of approximately —7 dBm, low powers at higher LO frequencies will have an
impact on conversion loss, as shown in the next subsection. Another feature of the measured IF
power is the considerable ripple with a period of approximately 1 GHz. This is attributed to the
impedance mismatch between the probe, which expects a load of 50 €, and the UTC-PD, which
has a complex value with a real part of ~ 5-10 Q [43,44].

4.2. Conversion loss and intermediate-frequency response

Figure 5 depicts the results of the SSB-CL measurement increasing UTC-PD LO generator
photocurrent for multiple frequencies and bias voltages. There are several factors that play a
role, but we can mainly identify: (1) LO power generated by the UTC-PD, (2) SHM conversion
loss saturation, and (3) effective LO power coupled to the Schottky diodes. All of these
factors influence the results, and their particular contribution is dependent on the frequency
of operation. Conducting the measurements with different bias conditions, together with the
previously discussed LO power measurement (Fig. 4(b)), allows us to extract a solid interpretation
of the results of Fig. 5.

—270 GHz
—280 GHz
—293.5 GHz
—310 GHz
—320 GHz

Vpias =3V

1 5 10 15 1 5 10 15 1 5 10 15
Photocurrent (mA) Photocurrent (mA) Photocurrent (mA)

Fig. 5. SSB-CL (measured at 1 GHz of IF) versus photocurrent at the UTC-PD LO generator
at different frequencies and bias voltage. Optical input power is varied from —1.51 to 18.4
dBm, resulting on a photocurrent from 0.1 to 15 mA.

Output electrical current and input optical power in a photodiode are related linearly until
saturation is reached. For higher bias voltages we expect to observe saturation occurring at higher
photocurrent [43,45]. The 293.5 GHz case is especially interesting because it coincides with an
LO frequency of 146.25 GHz, where the dip feature aforementioned is present. The LO power at
that frequency at optimal conditions is significantly lower than the required power to drive the
Schottky mixer. Therefore, the curves of 293.5 GHz indicate the point of UTC-PD output power
saturation. Considering this, we observe that for —1 V and —2 V conversion loss is minimized at
a photocurrent of 7.93 mA and 10.13 mA respectively. At —3 V, power is clearly saturated, but a
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significant decay is not observed yet at 15 mA. These observations match previously reported
results on UTC-PD power saturation with this particular structure [41].

That being said, curves corresponding to —2 V and -3 V clearly demonstrate conversion loss
saturation, reaching the operational point of the Schottky mixer. This occurs for a photocurrent
as low as 4.8 mA (13 dBm of optical power) for 270 GHz, obtaining a minimum SSB-CL of 14.4
dB. As the RF frequency is increased, saturation is reached at higher photocurrent. This follows
the LO power decrease trend for increasing LO frequencies shown in Fig. 4(b). At 320 GHz
SSB-CL is significantly lower than the other saturated cases. This can be attributed to a power
decay in the RF path, probably due to the antenna bandwidth. For 270 GHz and 280 GHz, we
can observe that the SSB-CL is minimized and then increases slightly for higher photocurrent,
while UTC-PD power is still not saturated. One can expect to observe this on a Schottky mixer
when the LO power is higher than the optimum. In contrast, for the 310 and 320 GHz cases, the
power is enough to reach the optimum operation point but not to detriment the SSB-CL.

The obtained SSB-CL for the full operating range of the Schottky mixer taken on a separate
measurement is depicted in Fig. 6. The typical value is below 20 dB for most of the frequency
range, showing a relatively flat response with the 293.5 GHz peak discussed. The 3 dB IF
bandwidth of the Schottky mixer has been measured at 19.5 GHz (Fig. 7), again exhibiting a
relatively flat response. The IF bandwidth is set by design, and it is mainly limited because of the
SMA connector.

3 5 T T T T T

T T T T
|—6— Vbias=-3 V, Iph = 15 mA

270 275 280 285 290 295 300 305 310 315 320
RF Frequency (GHz)

Fig. 6. SSB-CL from 270 to 320 GHz measured at 1 GHz of IF. The reverse bias voltage of
the UTC-PD LO generator is set at —3V with an input optical power of 18 dBm resulting in
15 mA of photocurrent.

These results show that even for LO frequencies above 146.25GHz, where LO power is of
the order of —6 dBm, the Schottky mixer still operates at optimum conditions. Dual-side-band
conversion loss (DSB-CL) reported on state-of-the-art GaAs Schottky sub-harmonic mixers at
this frequency band is of the order of ~7 dB [46—48]. Considering that DSB-CL is ideally 3 dB
lower than SSB-CL, and the ~15-20 dB of SSB-CL reported here, there is a ~ 5-10 dB difference.
However, LO power required to drive GaAs SBD mixers is about 10 dB higher than this work,
which is a significant difference. In addition, the design of the SHM for this fabrication run
has not been fully optimized. Future design and fabrication iterations could potentially improve
SSB-CL to state-of-the-art Schottky performance. Compared to optoelectronic LTG-GaAs
mixers, a minimum conversion loss of ~ 27 dB has been reported [25], which is about one order
of magnitude higher than the conversion loss shown here. The same comparison applies for
UTC-PDs as optically pumped mixers, with 30 dB conversion loss at the 300 GHz band [27].
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Fig. 7. IF response from 0.5 to 20 GHz. The RF frequency is fixed at 270 GHz and the LO
is varied from 134.75 to 144.75 GHz.

4.3. Sensitivity and dynamic range

Figure 8(a) shows the measured noise power density. The receiver’s noise has a contribution from
the ambient, Schottky mixer, LO, cables, LNA, and ESA noise. First, a noise power density of
—130 dBm/Hz was measured with the LO signal off, isolating noise not coming from the Schottky
mixer. For greater photocurrent, i.e. higher LO power, the noise power density increases, and the
trend follows the same as the LO power discussed previously. This indicates that the sensitivity
in this case is limited by the contribution from the LO, but only by less than 3 dB compared to
the LO off scenario. The ripple at lower photocurrent is more significant because the power is
not enough to saturate conversion loss across the whole band.

(2) ‘ (b)
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—90— Vbias=-3 V, Iph = 15 mA
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-131 ¢

Noise Power Density (dBm/Hz)

270 280 290 300 310 320 270 280 290 300 310 320
RF Frequency (GHz) RF Frequency (GHz)

Fig. 8. Sensitivity and dynamic range measurements: (a) Obtained noise power density
from 270 to 320 GHz. (b) Measured dynamic range from 270 to 320 GHz, normalized to 1
Hz of bandwidth.

Dynamic range as high as 130 dB (normalized to 1 Hz of bandwidth) has been measured
(Fig. 8(b)). This FoM is particularly relevant for spectroscopy applications. To put our obtained
values into context, maximum dynamic ranges of ~110 dB have been reported in the literature
using InGaAs-based photoconductors in CW THz spectroscopy systems [49-51]. These systems
typically rely on lock-in amplification, and therefore the dynamic range can be normalized
considering 7. = 1/2xf, where 7. is the time constant set in the lock-in amplifier and f is the
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equivalent 3 dB bandwidth. For 1 Hz bandwidth, the equivalent time constant is approximately
160 ms. That gives a normalized literature-reported record of 109 dB [51]. Our system
demonstrates a 20 dB improvement in comparison, setting a new record. It is important to remark
that the systems to which we are comparing are ultra-wide (over 1 THz of bandwidth), whereas
our THz system is limited by the 50 GHz bandwidth of the SHM. Nevertheless, our results show
the potential of this particular type of receiver to realize high-performance THz spectroscopy
systems.

A simple way to improve the sensitivity and dynamic range of the receiver would be to include
a band-pass optical filter to cancel out-of-band LO noise, which is mainly amplified spontaneous
emission (ASE) noise coming from the EDFA. The LNA has a typical noise figure of 4 dB,
so selecting a better IF amplifier would also improve the receiver’s noise. It is important to
remark that both sensitivity and dynamic range are FoMs that evaluate the performance of the
whole receiver, and not only the optically driven mixer. In addition, the dynamic range has been
obtained by considering the THz power generated by the UTC-PD transmitter as maximum.
Using a better packaged device would also improve this FoM.

5. 5 Gbps all-photonics-based wireless bridge at 270 GHz

In this section, we demonstrate an application of the proposed receiver in the context of data
communications. As proof of concept, a transparent wireless bridge between two optical ends
operating at 5 Gbps was implemented. This type of communication system is expected to
play a role in future 6G networks, connecting seamlessly multiple ends of the network at high
speeds, reducing the bottleneck of current wireless links in mobile networks by exploiting THz
communications [14,52].

The schematic of the implemented link is depicted in Fig. 9(a). The transmitter and receiver
are very similar to the ones used for characterization with the differences specified here. In the
transmitter, one of the lasers is intensity modulated by a Mach-Zehnder modulator (MZM), which
is driven with a 5 Gbps baseband signal coming from a Pseudorandom bit sequence (PRBS)
generator. The radiated THz wave propagates across the same path used for characterization,
and it is down-converted to 10 GHz of IF frequency with the photonically driven SHM. Then, a
chain of 2 LNAs (RF-Lambda RLNAOOG30GA) raises the IF power to optimal levels to drive a
second MZM to up-convert the IF signal into the optical domain, modulating an additional laser
at 1554.8 nm (Rio Orion Series). The optical wave is filtered to generate a suppressed-carrier
single-side-band modulation (SC-SSB). This step is necessary to perform a non-coherent optical
detection as the lasers are not frequency or phase-locked. Then, the optical signal is amplified
with an EDFA before reaching the optoelectronic receiver, which is based on a 50 GHz bandwidth
pin photodiode (Finisar XPDV2120R) connected to a high-frequency oscilloscope (Teledyne
LeCroy LabMaster 10-36Zi). Note that LD-1 and LD-3 depicted in the schematic are indeed the
same laser at 1553.7 nm (Rio Orion Series), following the arrangement of Fig. 3. Two tuneable
lasers (Agilent 81682A and Agilent 81640A) are required for this experiment, represented as
LD-2 and LD-4 in the schematic. For simplicity, the fiber segments are only a few meters long,
but several kilometres of fiber length are feasible thanks to the ultra-low propagation losses and
chromatic dispersion immunity due to the SC-SSB modulation.

The eye diagram depicted in Fig. 9(d) was captured in real-time for over 300 seconds, exhibiting
error-free detection. Previously reported THz wireless bridges implement receivers relying
on electronically-driven mixers [53—55] or direct THz-to-Optical conversion using ultra-wide
bandwidth plasmonic modulators [56,57]. The first approach’s drawbacks are related to the
generation of the LO signal, adding complexity and power consumption to the THz front-ends. In
contrast, in our proposed solution the LO signal can be distributed over a fiber network, relocating
and centralizing complexity and power consumption where it can be handled more easily. The
second approach, although very efficient, lacks the ability to perform channel selection and IF
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Fig. 9. Optical-THz-Optical bridge at 270 GHz: (a) Schematic of the experiment (po-
larization controllers are omitted). (b) Packaged antenna-integrated UTC-PD used for
characterization as THz transmitter. (c) THz free-space path with the optically pumped
mixer at the receiver end. (d) Eye diagram obtained with a capturing time of over 5
minutes. LNA: low noise amplifier, SHM: Sub-harmonic mixer, ESA: Electrical spectrum
analyzer. PC: Polarization controller, LD: Laser diode, OSA: Optical spectrum analyzer,
EDFA: Erbium-doped fiber amplifier. PRBS: Pseudo-random bit sequence generator, MZM:
Mach-Zehnder modulator, OBPF: Optical band-pass filter, OE: Optoelectronic.

processing before upconverting again into the optical domain, which may be desirable in future
generation networks. Thus, our solution enables simultaneously efficient down-conversion and
photonic LO generation and distribution. It should be noticed that this experiment represents a
basic demonstration employing the presented receiver, and there is great room for optimization.
By selecting better lasers, using complex modulation formats, and exploiting the full IF bandwidth
of the Schottky mixer, we can expect to transmit at rates of 100 Gbps over longer distances.

6. Conclusion

In summary we have presented, to the best of the authors’ knowledge, the first demonstration of a
300 GHz Schottky-based SHM pumped with an UTC-PD that demonstrates enough LO power
to saturate conversion loss. The Schottky mixer exhibits single-side-band conversion losses on
the order of ~ 15-20 dB across the RF band, 19.5 GHz of IF bandwidth, and a peak dynamic
range of 130 dB when using the mixer in a receiver system. These values outperform previously
reported THz optoelectronic mixers, although the conversion loss is higher than state-of-the-art
Schottky mixers. The results of this study indicate that the SHM operates in saturation even
with a gross LO power of —7 dBm. Our claim of having enough LO power generated by the
UTC-PD is reinforced by considering that we show saturation even at frequencies that are 20
GHz beyond the bandwidth of the ACP probe. In addition, optimization of impedance matching
between LO port and UTC-PD has not been considered in this study. Addressing this issue
would also improve the performance, allowing us to realize higher frequency receivers. Finally,
we have demonstrated the optically pumped receiver in a real-world application, realizing an
Optical-THz-Optical bridge at 5 Gbps, thus highlighting the applicability of such receivers.
With this work, we demonstrate the potential of hybrid Schottky UTC-PD THz receivers,
featuring high-performance THz heterodyne detection and mature Schottky technology combined
with the advantages of optically generated LO signals. This is a first step toward the practical
realization of these receivers, which can be used in a wide number of applications outperforming
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other solutions. Future work should be focused on the integration of the Schottky mixer and
UTC-PD, investigating the possibility of hybrid and monolithic on-chip solutions. By integrating
the SBDs and the UTC-PD in the same chip, LO power coupling and bandwidth could be
improved compared to rectangular waveguide access. Similarly, the RF bandwidth could be
improved by implementing a quasi-optical solution.
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