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ABSTRACT Broadband terahertz spectroscopy is a valuable analytical tool in science and a promising
technology for industrial non-destructive, non-contact testing, e.g. thickness measurements of thin dielectric
layers. Optoelectronic conversion using photomixers is a widespread approach for coherent terahertz
spectroscopy. State-of-the-art spectrometers consist of discrete, fiber-based components, leading to complex
and costly setups. In cost-sensitive applications, this prevents the use of these spectrometers. We developed a
terahertz spectrometer based on a dedicated photonic integrated circuit and commercial electronic integrated
circuits to overcome these limitations. The photonic subsystem can be connected to commercial tunable
lasers and provides the optical signal processing to drive the photoconductive antennas. The electronic
subsystem includes the required drivers, analog signal processing, and data acquisition. Combined, the
systemmeasures 10× 16× 7.5 cm3 only. We compare both subsystems individually and as a whole to state-
of-the-art lab equipment in terms of spectral performance and measurement speed. Due to the flexibility in
measurement modes, the integrated system can be adapted to specific measurement tasks, e.g. 2.8 THz-wide
spectra within 0.5 s for high-speed, or 3.6 THz bandwidth with>80 dB dynamic range in less than 3 minutes
for high-precision. This is the first realization of a terahertz spectrometer based on photonic and electronic
integration rivaling state-of-the-art and non-integrated commercial spectrometers. This approach paves the
way for compact and economic terahertz systems, providing access to terahertz technology for cost-sensitive
sectors in research and industry.

INDEX TERMS Terahertz, terahertz spectroscopy, frequency domain, photomixing, optoelectronic,
photonic integration, photonic integrated circuit, electronic circuit design, miniaturization.

I. INTRODUCTION
Terahertz spectroscopy based on optoelectronic techniques is
a well-established scientific tool and a promising technology
for applications related to material analysis and non-
destructive testing [1], [2], [3]. To date, mainly time-domain
spectroscopy (TDS) is used when high bandwidth and
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high measuring rates are required, e.g. for layer thickness
determination or defect detection [4], [5], [6], [7].
A competitive approach is continuous-wave (cw) tera-
hertz spectroscopy by photomixing [8], [9], [10], [11],
[12], [13]. Using precise tunable lasers and state-of-
the-art photoconductive antennas, the bandwidth of cw
terahertz spectrometers spans from below 100 GHz up
to 4.5 THz with a resolution below 7 MHz [1], [14],
[15], [16].
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Employing mature telecom lasers, this approach also
enables measurement rates of up to 200 spectra per
second [17].

Such a cw terahertz system offers higher frequency res-
olution and accuracy compared to TDS [13]. While TDS
provides the highest resolution for extremely thin layers,
the cw terahertz system is also capable of achieving similar
results. Previous studies have demonstrated the ability of
the cw system to resolve layers as thin as a few tens of
micrometers, thereby meeting the requirements of numerous
industrial applications [11].

In contrast to TDS systems, which rely on short optical
pulses in the femtosecond range and often variable optical
delay lines, all parts of a cw terahertz system exist as pho-
tonic integrated components. Thus, cw terahertz technology
offers great potential for photonic integration. Thatmakes this
approach suited to address two major criteria for widespread
employment: small size and scalable costs.

In previous work on on-chip photonic integrated cw ter-
ahertz devices, mainly the optical signal generation and the
optoelectronic conversion have been addressed [18], [19],
[20], [21], [22], [23], [24], [25]. Besides that, based on fiber-
optical components, a terahertz spectrometer with enhanced
signal acquisition has been demonstrated using a polarization
selective phase modulator [26], [27]. Although this approach
enabled two orders of magnitude faster frequency scans com-
pared to the state-of-the-art, the amount of required fiber
components resulted in high insertion losses and non-scalable
footprint and costs.

In this work, we present a photonic integrated circuit
(PIC) on an 18 mm2 chip that provides similar optical signal
processing to enable instantaneous coherent terahertz detec-
tion. Therefore, a phase modulation unit (PMU) is realized
with optical phase modulators and optical amplifiers based
on InP technology. In addition, we demonstrate a minia-
turized electronic system to drive the developed PMU PIC,
acquire the detector signal, and process the measured data
to spectrally resolved phase and amplitude data. Since the
integrated system is fiber-pigtailed, external tunable lasers
and photoconductive antennas (PCAs) can be attached to
access the full bandwidth of state-of-the-art cw terahertz
spectroscopy.

In the following section II, we will first discuss the prin-
ciple of coherent terahertz measurements using active optical
phasemodulation. In section III, the photonic integrated PMU
is presented and evaluated. Finally, the miniaturized electron-
ics for control and acquisition is described and evaluated in
section IV.

II. COHERENT SPECTROSCOPY USING ACTIVE PHASE
MODULATION
Terahertz generation and detection by photomixing rely on
creating a photonic local oscillator (PLO) by superposition of
two optical laser signals. Since each laser signal has a certain
amplitude Ai, angular frequency ωi = 2π fi, and phase ϕi, the

power of the superposed lasers Pbeat is given by

Pbeat ∝ E2
beat = |E1 + E2|2

= |A1 · cos (ω1t + ϕ1) + A2 · cos (ω2t + ϕ2)|
2 . (1)

At the emitter (Tx), an ultrafast photodiode converts the
envelope of the optical signal into an electrical signal that is
radiated from an attached antenna. Thus, only the envelope
of the optical beat signal contributes to the emitted terahertz
signal [8], [17]:

ETHz ∝ ATHz · cos (ΩTHzt + ΦTHz) (2)

The electric field of the emitted terahertz radiation ETHz has
a certain amplitude ATHz that oscillates with the difference
frequency of the two lasers ΩTHz = |ω1 − ω2| and has the
phase ΦTHz = ϕ1 − ϕ2.
At the receiving PCA (Rx), the terahertz signal is

down-converted using the PLO, i.e. the optical beat sig-
nal. The PLO modulates the conductance of the photo-
conductive gap of the PCA. In analogy to (1) and (2),
the local oscillator at the receiver can be described
by

PLORx ∝ APLO · cos (ΩPLOt + ΦPLO) . (3)

When the electric field of the incoming terahertz sig-
nal applies to the receiving PCA, a detector current is
generated:

IRx ∝ ATHz · APLO
· cos ((ΩTHz − ΩPLO) t + (ΦTHz − ΦPLO)) (4)

Note that for homodyne spectroscopy the same pair of lasers
is used to drive Tx and Rx. Thus, the frequency of the
emitted signal is the same as the PLO for down-conversion
(ΩTHz = ΩPLO), but due to the path difference, the phase of
the terahertz signal and the PLO are different (ΦTHz ̸= ΦPLO).
Thus, the current measured at the PCA Rx is DC in case of
homodyne detection:

IRx,DC ∝ ATHz · APLO · cos (ΦTHz − ΦPLO) (5)

Also due to the path difference for Tx and Rx, the phase
difference depends on the frequency. Thus, the Rx current
exhibits a sinusoidal envelope when the frequency is tuned
for spectral measurement. In a post-processing step, the orig-
inal spectrum can be recovered by calculation of the Hilbert
transform.

To avoid this frequency-dependent envelope and to pro-
vide amplitude and phase information instantaneously at any
frequency point of the terahertz spectrum, active phase mod-
ulation is introduced. Therefore,ΦTHz orΦPLO are modulated
with ωmod to generate a time-dependent detector current. For
example, when the PLO at the receiver is modulated, the
resulting detector current is

IRx,mod (t) ∝ ATHz · APLO · cos (ΦTHz − ΦPLO (t))

= ATHz · APLO · cos (ωmodt + (ΦTHz − ΦPLO)) .

(6)
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FIGURE 1. Schematic (a) and micrograph (b) of the photonic integrated
phase modulation unit i-PMU with two optical amplifiers (SOA), two
variable optical attenuators (VOA), four 3 dB couplers (3dB), and two
phase modulators (PM) on the chip. Waveguides with spot size converters
(SSC) are used to couple the optical signals from the fiber into the chip
and vice versa.

The frequency of the active modulation ωmod allows for
lock-in detection to directly extract amplitude and phase of
the detected signal.

III. PHOTONIC INTEGRATED PHASE MODULATION UNIT
A. DESIGN AND FABRICATION OF THE PMU
In order to detect and sample amplitude and phase of a
terahertz signal for each frequency step, coherent cw terahertz
spectrometers must employ a phase modulation unit (PMU)
to shift the phase of the optical beat signal. Thereby, a sinu-
soidal detector current according to (6) is acquired and used
for lock-in detection.

Active PMUs can be divided into two categories: i) mech-
anisms that delay the optical beat signal for the emitter
or receiver arm, or ii) units that shift the phase of the
optical beat signal by adjusting the phase of only one
of the two laser tones before superposition into the beat
note. A widespread example for i) are mechanical fiber-
stretchers [28]. Concept ii) has been demonstrated with
wavelength-selective optical phase modulators [26], [27].
Although the second concept is suitable for high-speed spec-
trometers, so far it has only been realized based on complex
and costly discrete fiber components. Based on concept
ii), we present a single photonic integrated circuit that serves
as the PMU using Fraunhofer HHI’s InP foundry plat-
form [29], [30]. This integrated PMU is referred to as i-PMU
in the following.

Phase modulators (PM) change the refractive index of the
guiding medium to delay the optical phase. The induced
phase shift can be described by:

1ΦPM = L · ω ·
1n
c0

(7)

c0 is the speed of light andω = 2π ·f is the angular frequency.
Accordingly, the phase tuning is limited by the maximum
possible change of the refractive index 1n and the length
L of the modulator. In InP, the change of refractive index is
limited to a magnitude of 1n ≈ 3 · 10−3 within the optical
c-band [30]. Thus, for a 2π shift of the optical beat signal
f = 1 THz amodulator length of L = 0.1m is required. Since
that is magnitudes higher than the available chip size, we shift
the phase of only one of the optical laser lines, which leads
to a phase shift of the optical beat signal after superposition
with the second optical line. In that way, a modulator length
of L ≈ 522 µm is sufficient for a 2π shift with laser lines in
the optical c-band.

Fig. 1 (a) shows the scheme of the photonic integrated
circuit that provides a phase-modulated beat signal to emitter
(Tx) and receiver (Rx), respectively: Two external lasers
with the dedicated frequency spacing fTHz = |f1 − f2| are
fed into the phase modulation unit. Semiconductor optical
amplifiers (SOAs) allow to pre-compensate the losses of the
following waveguide network. After amplification, a 3 dB
splitter feeds a portion of the optical light into a phase
modulator (PM) and a variable optical attenuator (VOA),
respectively. The VOAs are used to emulate the insertion
losses of the phase shifters and level the optical power in
both paths. Finally, 3 dB couplers combine the phase-shifted
signal from one laser with the fixed-phase signal from the
other laser. In that way, Tx and Rx output ports provide a
beat signal, which can be modulated in phase independently.
Note that usually only Tx or Rx are modulated for coherent
spectroscopy.

For the implementation on the generic InP platform, the
design is folded in order to have input and output ports on
the same facet. The resulting 6 mm × 3 mm sized inte-
grated phase modulation unit is called i-PMU. Fig. 1 (b)
shows a micrograph of the chip with the active building
blocks labeled. The 3 dB splitters and combiners are real-
ized as 2 × 2 multimode interferometers (MMIs). The phase
modulators are based on current injection. Spot size con-
verters (SSCs) are located at the left facet of the chip to
match the mode field diameter for optical coupling to a fiber
of all input and output ports. For electrical driving of the
i-PMU, gold-plated bias pads are located at the right edge
of the chip to contact all active components. To ease the
handling of the i-PMU in a spectroscopic setup, the chip
was packaged into a robust metal housing. Optical cou-
pling to a fiber array allows using the i-PMU module in a
fiber-coupled cw terahertz spectrometer. Multi-pin sockets
for DC connection and coaxial connectors for the electrical
modulation signal ensure compatibility with commercial lab
equipment. For thermal stabilization, i.e. to ensure a uni-
form phase modulation, the i-PMU is mounted on a Peltier
element.

B. EXPERIMENTAL EVALUATION OF THE i-PMU
The experimental setup to evaluate the functionality of the
i-PMU is shown in Fig. 2 (a). The i-PMU’s input fibers are
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connected to two external cavity lasers (ECL, 81960A and
81682A from Agilent). While one laser is fixed at λ1 =

1540 nm, the second laser (81682A) sweeps with 10 nm/s
towards higher wavelength to generate difference frequencies
between 50 GHz and 5 THz. Two erbium-doped fiber ampli-
fiers (EDFA, GOA-SP184 from BKtel photonics) boost the
output signal of the i-PMU to feed 30 mW optical beat signal
into the Tx and Rx module, respectively [14], [16], [31].
To drive the SOAs and VOAs of the i-PMU, current con-
trollers (CC) from a modular testing platform (Pro8000 from
Thorlabs) are used. The particular current values are set in a
way that both wavelengths contribute the same power to the
resulting optical beat signal in each path. The temperature of
the i-PMU chip is stabilized to approx. 25◦C using a tempera-
ture controller (TC) from the same modular testing platform.
The PM in the Tx path requires approx. 30 mA for a 2π shift.
A data acquisition (DAQ) device (NI-DAQmx USB-6356
from National Instruments) drives the phase modulator with
a sawtooth voltage from 0.75 V to 2 V with the frequency
fmod = 20kHz. Since the analog output of the DAQ only
supports up to 5mA current, an operational amplifier is added
between DAQ and i-PMU to provide the required current for
the PMs. The Tx requires −1.5 V bias and the photodiode
produces approx. 10 mA current. A voltage source (B2902A
from Keysight) is used to bias the Tx. Tx and Rx modules are
mounted in front of parabolic mirrors to focus the terahertz
beam onto the receiver after approx. 30 cm ambient air. The
Rx output current is amplified by a transimpedance amplifier
(TIA, DHPCA-100 from Femto) with 106 V

/
A gain. For

data acquisition, the analog-to-digital converter (ADC) of
the DAQ samples the detector signal with 1 Msamples/s
and a resolution of 16 bit. In parallel, the DAQ receives
the trigger signals of the sweeping laser to correlate the
detector signal with the actual terahertz frequency. The digital
signals are forwarded to a PC to perform software lock-in
amplification (LIA). Therefore, the detector signal is multi-
plied with a synthetic sine and cosine with fmod = 20 kHz
to extract amplitude and phase of the received terahertz
signal.

Fig. 2 (b) shows the results of the first spectral mea-
surements of the i-PMU. The spectra were measured from
50 GHz to 5 THz with a sweep speed of 1.26 THz per
second. The spectral resolution is 1.5 GHz and the integration
time at each frequency step is 500 µs. The unprocessed
spectrum (black line) shows the characteristic water vapor
absorption dips in the detected signal up to approx. 2.8 THz.
As a reference, vertical lines show the frequencies of water
absorption lines over the measurement range (light blue line)
taken from the HITRAN database [32]. Beyond 3 THz, the
expected spectral roll-off stops. Measuring a noise trace
with blocked terahertz signal but active phase modulation
(blue line) reveals that the unprocessed spectrum reaches
the noise floor at 3 THz. As a reference, the noise is mea-
sured with terahertz signal blocked and phase modulation
switched off (grey line). The comparison shows that the
phase modulation of the emitter path increases the noise

FIGURE 2. (a) Experimental setup for evaluation of the i-PMU.
(b) Measured signal from 50 GHz to 5 THz (black line) and noise floor
with modulation switched off (grey line). For the unprocessed signal,
crosstalk noise (blue line) induced by the modulation limits the spectral
bandwidth to 2.8 THz . (c) The coherent noise trace is used for subtracting
the modulation crosstalk. Hence, the processed spectrum (green line)
reaches up to 4 THz .

floor of the receiver. This is attributed to thermal crosstalk
between Tx phase shifter and Rx waveguides on the InP
chip. This results in a modulated photonic LO at the Rx and
thus in an increased amplitude after lock-in detection, which
masks the actual spectral amplitude. To overcome this, the
coherent spectrum of the crosstalk-induced noise is removed
from the terahertz spectrum in post-processing. Fig. 2 (c)
shows that the processed spectrum (green line) reaches the
actual noise floor at 4 THz. Characteristic water vapor lines
proof proper spectral measurement up to 4 THz using the
i-PMU.

Next, the i-PMU is directly compared to the fiber-based
PMU, which includes a commercial lithium niobate phase
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FIGURE 3. Comparison of the conventional, fiber-based PMU and the
photonic integrated PMU (i-PMU). In the fast tuning mode, terahertz
frequencies from 50 GHz to 5 THz are swept in <4 s and for short
integration times (tint = 0.5 ms), the same peak dynamic range of approx.
85 dB and maximum terahertz bandwidth of 3.8 THz is observed. Using
the fiber-based PMU with long integration time (tint = 300 ms, total
measurement time ≈ 20 minutes), the peak dynamic range and
terahertz bandwidth increase to 105 dB and about 4.5 THz , respectively.
The instability of the modulation crosstalk prevents longer integration
times for the i-PMU.

modulator [26]. For this, the same setup as shown in Fig. 2 (a)
is employed and the i-PMU is replaced by the fiber-based
PMU. The modulation amplitude is adjusted to the PMU,
whereas the current and temperature controllers are not used.
Fig. 3 shows the direct comparison of the measured dynamic
range from 50 GHz to 5 THz. The higher dynamic range is
achieved with the fiber-based PMU using an integration time
of 300 ms (grey line). Due to the long integration time, the
laser cannot be continuously swept, but it needs to be set
stepwise to each desired difference frequency. The resulting
peak dynamic range is 105 dB and the noise floor is reached at
approx. 4.5 THz. However, the measurement time is approx.
20minutes with this steppedmode. Such a slowmeasurement
cannot be performed with the i-PMU, since the measurement
of the crosstalk needs to be timely close to the spectral
measurement for proper signal processing. For this reason,
the i-PMU is especially suited for fast measurement with low
integration time and fast frequency tuning.

With an integration time of 500 µs and continuous laser
frequency tuning, both i-PMU and fiber-based PMU can be
used for fast coherent spectrum acquisition. Fig. 3 shows
spectra from 50 GHz to 5 THz acquired within less than
4 s using the i-PMU (blue line) and the fiber-based PMU
(magenta line). The peak dynamic range is 85.9 dB and
86.4 dB for the fiber-based PMU and the i-PMU, respec-
tively. The bandwidth is approx. 3.9 THz for both. Between
500 GHz and 3 THz, the i-PMU enables up to 4.5 dB higher
dynamic range. The reason is the different optical attenuation
within the PMUs. Unequal attenuation in the optical paths
inside the PMUs leads to an unbalanced optical beat signal
for Tx and Rx. As a result, the optoelectronic conversion
inside the photomixer is less efficient for beat signals with
unbalanced optical power for each wavelength [8]. In contrast
to the fiber-based PMU, the SOAs and VOAs of the i-PMU
allow to compensate for individual attenuation of particular

FIGURE 4. (a) Schematic and (b) photograph of the integrated terahertz
measurement system including the photonic integrated phase
modulation unit (i-PMU) and the electronic driving and acquisition unit
(µ-DAU). The electronic unit is based on a microcontroller (µ) and
includes a temperature controller (TC), current controller (CC), and
analog/digital signal processing.

paths. Thus the improved beat signal from the i-PMU directly
improves the photomixing efficiency of Tx and Rx. However,
due to the wavelength-dependent gain of the EDFAs, the
impact of unbalanced beat signals on the dynamic range is
highest around 2 THz.

IV. ELECTRONIC INTEGRATED DRIVING AND
ACQUISITION UNIT
A. SYSTEM DESIGN AND CIRCUIT ASSEMBLY
In analogy to the photonic integration of the optical signal
processing part, the electronic signal processing is integrated
on a printed circuit board (PCB). Therefore, all required
functionalities of the previously described lab equipment
(Fig. 2 (a)) are realized by commercial integrated circuits
(ICs). The system is built around a microcontroller with
an evaluation board (LAUNCHXL-F28379D from Texas
Instruments), which features all required interfaces to orches-
trate the driving and acquisition units. The electronic inte-
grated system is referred to as µ-DAU, which stands for
microcontroller-based driving and acquisition unit. Fig. 4 (a)
shows the scheme of the µ-DAU that replaces the lab equip-
ment. The optical part of the experimental setup is the same
as in the previous section including the i-PMU. The temper-
ature control is realized using an MDT415T from Thorlabs.
Four current controllers (MLD203CLN from Thorlabs) drive
the SOAs and VOAs of the i-PMU. The values for the

35250 VOLUME 12, 2024



S. Nellen et al.: Miniaturized Continuous-Wave Terahertz Spectrometer With 3.6 THz Bandwidth

particular driving current and the temperature are set by the
microcontroller.

The signal acquisition unit of the µ-DAU is divided into
four subunits, which are i) generation of the sawtooth signal
for the phase modulator, ii) amplification of the detector
signal, iii) lock-in amplification of the received signal, and
iv) providing the data to an external interface. For sub-
unit (i), a digital-to-analog converter (DAC, AD9102 from
Analog Devices) with 14 bit pattern memory serves as a
waveform generator to drive the phase modulator. The par-
ticular sawtooth pattern and the central clock are given
by the microcontroller. To amplify the signal from the Rx
(ii), a TIA with fixed gain (106 V/A) and a DC block
with 100 nF is designed based on an operation amplifier
(LTC6268-10 from Analog Devices). Due to the DC block,
the minimum modulation frequency is fmod = 20 kHz. For
modulation frequencies close to the lower limit, an optional
capacitor in the TIA’s feedback loop can be used to cut-
off high-frequency noise. Subunit (iii) is an integrated I/Q
demodulator (AD8333 from Analog Devices), which is used
as an LIA to extract I and Q components from the Rx signal.
Therefore, the LIA receives the same reference clock as the
sawtooth generator. A differential driver (ADA4945-1) con-
verts the single-ended signal from the Rx into a differential
signal to feed the I/Q demodulator. The demodulated output
signals are filtered by active low-pass filters with a cut-off
frequency of fc ≈ 2 kHz. In order to fully exploit the analog
LIA, twoADCs (AD4022 fromAnalogDevices) sample I and
Q signals with 20 bit resolution depth. Precision ADC drivers
(ADA4945-1) allow using the full range of the ADCs if the
TIA has maximum output. In subunit (iv) the microcontroller
receives the frequency trigger from the sweeping laser and
correlates a set of I and Q values with the actual frequency
in the terahertz spectrum. These values are provided to an
external PC via the USB port on the microcontroller board.
Note that in contrast to the lab system, the whole signal
processing is performed with analog electronics, i.e. the com-
putational resources for signal acquisition are tremendously
reduced.

Finally, an onboard DAC of the microcontroller is used
to provide an adjustable bias voltage for the Tx. A subse-
quent voltage follower based on a simple operation amplifier
ensures the required current values for the photodiode of
the Tx.

Fig. 4 (b) depicts the stacked PCBs of the µ-DAU. The
i-PMU is mounted in a metallic package on top of the main
PCB. Optical fibers allow to access the respective input and
output ports of the photonic i-PMU. Overall, the whole pho-
tonic and electronic integrated system, i.e. i-PMU+ µ-DAU,
measures 10 × 16 × 7.5 cm3.

B. EXPERIMENTAL EVALUATION OF THE µ-DAU
For the characterization of the i-PMU in the previous section,
the measurement speed of the lab equipment is limited by
the analog-digital (A/D) conversion rates of the employed
National Instruments data acquisition (DAQ) card and the

FIGURE 5. Comparison of terahertz spectra acquired with the lab system
and the miniaturized system. In both systems, the i-PMU is employed as
the PMU. The lab system (blue line) consists of discrete electronic devices
and uses digital signal processing. Acquisition of a single terahertz
spectrum up to 5 THz with 1.5 GHz resolution and 500 µs integration
time takes 4 s. The electronic integrated µ-DAU is based on analog signal
processing and can operate at 25 µs integration time. Acquisition of a
single frequency sweep with 0.5 GHz resolution takes 0.5 s. The dynamic
range and bandwidth of the µ-DAU increase with the number of averages.

USB data transfer to the computer for the lock-in signal
processing. In order to ensure a continuous data stream from
the DAQ to the computer, the maximum trigger rate from the
laser results in a trigger scheme with 1.5 GHz spacing. Thus,
the frequency resolution is limited to this value for a given
laser tuning speed. Due to the integrated signal processing
and the higher bit rate of the USB port, the µ-DAU can
digitize faster trigger signals from the laser simultaneously
with the receiver signal. Consequently, the laser tuning speed
can be increased to 80 nm/s, resulting in an 8-times faster
spectral sweep. Also due to the enhanced data acquisition,
the µ-DAU can be operated with 25 µs integration time.
Thus, the frequency resolution of the µ-DAU is 500 MHz,
i.e. 3 times lower than the lab system, although the sweep
speed is higher. Note that with these settings, the I/Q demod-
ulator operates at 50 kHz, which is close to the lower limit
of the IC. The demodulator is originally designed for RF
communication and can operate at up to 50 MHz. However,
other components, i.e. the lasers and the DAC, prevent even
faster measurement. Both can be replaced to further speed up
the µ-DAU.

For the evaluation of the electronic integrated µ-DAU,
spectral measurements are carried out with the lab equipment
and the µ-DAU. In both cases, the i-PMU is employed. Fig. 5
shows spectra from 50 GHz to 5 THz. As a reference, a sin-
gle spectrum is measured with the maximum ratings of the
previously described lab system, i.e. 10 nm/s laser sweep and
500 µs integration time (blue line). For a 5 THz spectrum,
a laser tuning of approx. 40 nm is required, which results in
4 s total measurement time for a single sweep. The observed
spectral bandwidth is 3.9 THz and the peak dynamic range
is 86.4 dB.

Due to the increased tuning speed, a single sweep with the
µ-DAU takes only 0.5 s. On the other hand, the dynamic range
decreases due to the reduced integration time. This leads to
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69 dB peak dynamic range and approx. 2.8 THz bandwidth
(Fig. 5 light blue line). To improve the spectral quality with
theµ-DAU, averaging over multiple sweeps reduces the noise
and thus increases dynamic range and bandwidth. Accu-
mulating 10 spectral traces results in approx. 9 dB higher
dynamic range and enables a bandwidth of approx. 3.4 THz.
After averaging over 100 spectra, the peak dynamic range is
81.7 dB and the bandwidth is 3.6 THz. Note, that the pure
measuring time of an averaged measurement is the respective
multiple of the single sweep time, i.e. 50 s for 100 averages.
However, the total duration of an averaged measurement is
longer due to a reset time of the external laser after each
frequency sweep. Thus, 1s laser downtime is added after each
spectrum resulting in 150 s total measurement duration for
100 averages. However, this additional time is solely caused
by the employed commercial laser and does not describe the
performance of the µ-DAU.

Although the spectral performance of the µ-DAU is vastly
improved by averaging over 100 spectra, further averaging
gets more andmore inefficient, because of the required timely
correlation between spectral trace and crosstalk-induced trace
(cf. section III). In future integrated PMUs, the crosstalk
between Tx and Rx paths caused by the phase modulators
needs to be reduced to further increase the dynamic range.
On the electronic site, a lower noise figure is expected from
the I/Q demodulator when driven at higher frequencies rather
than at the lower edge. Another limitation comes from the
USB data rate of the evaluation board of the microcontroller,
which is 5Mbit/s only. Themicrocontroller itself is feasible to
communicate with 480Mbit/s (USB 2.0). Thus, an optimized
PCB would allow for the evaluation of more samples, which
can be used to increase the measurement speed or improve
lock-in amplification, i.e. higher dynamic range. However,
there is a general trade-off between high-speed measurement
and dynamic range: The higher the measurement speed, the
higher frequencies are required to capture the data. In return,
the filters in the signal acquisition chain need to be more
broadband. This also leads to an increased noise contribution.
Thus, a priori a faster system will always have a higher noise
floor. This affects especially analog systems since the filters
cannot be adapted to a varying acquisition speed once the
PCB is fabricated. In conclusion, the analog system can be
further optimized to improve the dynamic range for a certain
measurement speed.

V. DISCUSSION
In the previous sections, we demonstrated the function-
ality of the new photonic integrated i-PMU and the
electronic integrated µ-DAU in combination with mea-
surement parameters specific to our setup (tuning speed,
tuning range, frequency resolution, etc.). In this section,
we classify our multiple spectrometer configurations as
a system relative to other commercial and published cw
terahertz spectrometer systems in terms of peak dynamic
range and discuss the novelty and potential of our present
work.

FIGURE 6. Comparison of the peak dynamic range of various
spectrometer configurations as a function of the measuring time per
frequency point. The actual integration time might be less than the
measuring time. A 10 dB increase can be expected for factor 10 in
integration time. The dashed line extrapolates this progression for the
µ-DAU + i-PMU configuration.

There are fundamental correlations between dynamic
range, integration time, measuring speed, and frequency res-
olution. For example, the noise N is reduced following the
square root of integration time N ∝ N0

/√
t int. This results

in a 10 dB increase in dynamic range for a factor of 10 in
integration time [17]. That is, increased measuring speed
comes at the cost of a reduced dynamic range. For that
reason, the share of integration time in the total measur-
ing time should be maximized for an efficient spectrometer.
Hence, a fair comparison between spectrometers should
consider the dynamic range with respect to the measuring
time.

Fig. 6 shows the peak dynamic range achieved with the
respective spectrometer configurations as a function of the
measuring time per single frequency point. With a 10 dB /
decade extrapolation, we can compare the µ-DAU + i-PMU
peak dynamic range with other spectrometer configurations
despite varying integration times. This extrapolation reveals
that the µ-DAU + i-PMU configuration has a 4 dB penalty
compared to the lab electronics for driving and acquisition.
This penalty is attributed to the aforementioned analog elec-
tronics, which requires further optimization regarding filter
bandwidth for instance.

Fig. 6 also illustrates the impact of timely decorrelation of
the reference trace due to thermal crosstalk in the i-PMU.
The increase in dynamic range is 1.1 dB and 7.3 dB less
than expected when averaging 10 and 100 times, respec-
tively. In contrast, without thermal crosstalk in the i-PMU,
the dynamic range is expected to follow the dashed line in
Fig. 6.

As a reference, we compare the µ-DAU + i-PMU to a
commercial terahertz spectrometer [12], [33] and a state-of-
the-art prototype system [17]. Note that this only compares
the peak dynamic range with respect to the measuring time.
The external references employed the same type of Tx and
Rx. Thus, the frequency-dependent roll-off can be assumed
the same, although the use of different Tx and Rxmight result

35252 VOLUME 12, 2024



S. Nellen et al.: Miniaturized Continuous-Wave Terahertz Spectrometer With 3.6 THz Bandwidth

in a minor offset in the dynamic range. Accordingly, the total
spectral bandwidth results from the achieved peak dynamic
range and given roll-off, as long as the laser tuning range is
sufficient.

From this comparison, we can see that our spectrometer
configuration in combination with the used measurement
parameters specific to our setup does not provide any new
records in terms of available peak dynamic range, measure-
ment speed, terahertz-bandwidth or measurement resolution.
Here, we have demonstrated a cw terahertz spectrometer
incorporating a dedicated photonic integrated circuit and
an electronic driving and acquisition system implemented
with commercial microelectronics that aligns well with the
performance of commercially available and state-of-the-art
scientific cw terahertz spectrometers. This is an important
step towards higher levels of integration for cw terahertz
spectrometers.

Note that cw terahertz spectrometers using photonic inte-
grated circuits are still the topic of ongoing research. So far,
no cw terahertz spectrometer that is fully integrated on a
single chip has been presented. Thus, a direct comparison
to other cw terahertz spectrometers implemented in photonic
integrated circuits is not possible. However, certain function-
alities of cw terahertz spectrometer have been photonically
integrated and demonstrated as a proof of principle [18], [20],
[21], [22], [23], [24]. But they have not been investigated on a
system level as discrete spectrometers [4], [5], [6], [13], [17],
[26], [27].

For THz system development the presented results are
important, since a first photonic integrated device incorpo-
rated in a spectrometer opens up a whole range of new
possibilities. As a next step, the functionality of a succes-
sor design can be extended by integrating fixed frequency
and tunable laser sources that are already available on the
generic InP foundry [25], [34]. This will reduce the total
number of separate components and thus improve the sys-
tems footprint and scalability. A future, revised design of
the i-PMU will also allow us to reduce the on-chip ther-
mal crosstalk by increased spacing between the emitter and
receiver paths, especially around the modulator. Further-
more, the development of more efficient components (e.g.
lower current for a 2π shift with the modulator) will reduce
thermal crosstalk. With this design, we expect the same
spectral performance for higher integration times as with the
fiber-based PMU.

In a previous publication, we presented a fully
fiber-coupled cw terahertz spectrometer employing the same
fiber-based PMU and the Lab-DAQ used for evaluation of
the i-PMU in this work (refer to section III) [27]. Compared
to the previously published system, in this work, we use
different laser sources and optical amplifiers. This mainly
affects the available measurement parameters in terms of
available tuning speed, tuning range and frequency reso-
lution. The bottleneck for higher measurement rates and
dynamic range per measurement time in both systems is
the electronic data acquisition (see section IV and [27]).

In section IV, we have demonstrated that our electronic
integrated µ-DAU can handle 8 times faster laser tuning and
3 times more samples to evaluate (higher frequency resolu-
tion) compared to the limitations of the National Instruments
DAQ within the parameter range of the lasers we used. This
24 times increased acquisition rate can be transferred to other
systems that employ the same style of acquisition scheme,
e.g. [27].

With the present work, we are aiming for higher measure-
ment rates by increased laser tuning speed. Please note that
the increased data acquisition rate could also be spend for
a 24 times increased frequency resolution by maintaining a
constant laser tuning speed or even higher frequency res-
olution by reducing the tuning range or tuning speed. The
spectral resolution that can be achieved is ultimately limited
by the linewidth and frequency accuracy of the employed
laser sources. With the lasers used in this work the minimum
frequency step resolution is 12.5 MHz. Furthermore, note
that currently, we are only working on the lower end of
the capabilities of our peripheral signal processing with the
µ-DAU. In section IV, we describe multiple options to further
increase the measurement rate.

Besides the superior measurement speed, the implemen-
tation of analog signal processing tremendously reduces the
computational effort. For example, the proposed spectrom-
eter could be extended with multiple emitters and receivers
without increased requirements for computing resources. Due
to the distributed approach of the proposed system, additional
signal processing modules can be added easily. Such a sim-
plified system with multiple sensor heads is advantageous for
imaging applications or non-destructive testing at production
sites.

VI. SUMMARY
In this paper, we present a miniaturized continuous-wave
terahertz spectrometer consisting of a photonic integrated
phase modulation unit (i-PMU) and a microcontroller-based
driving and acquisition unit (µ-DAU). With two commercial
external lasers as input, the 18 mm2 sized InP PIC generates
a balanced optical beat signal to drive the photoconductive
terahertz antennas. To enable fast coherent measurements,
the feed for the terahertz Tx is phase modulated. The
i-PMU is packaged as a fiber-pigtailed device to be compati-
ble with commercial tunable laser sources and state-of-the-art
photoconductive antennas. The electronic µ-DAU provides
all the required drivers to operate the i-PMU and features
analog signal processing for amplitude and phase acqui-
sition. For the latter, a microcontroller synchronizes the
external tunable lasers and drives the phase modulation unit
and the signal processing in order to provide the digitized
amplitude and phase information as a terahertz spectrum
to a PC.

A direct comparison between i-PMU and a state-of-the-
art fiber-based PMU proved the functionality of the photonic
i-PMU. Using the same integration time, the i-PMU provides
even up to 4.5 dB higher dynamic range due to its active
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balancing of the two optical tones of the beat signal. For
spectral measurements with the i-PMU chip, we observe on-
chip thermal crosstalk between themodulated Tx path and the
Rx path. This crosstalk can be corrected by post-processing
using a reference trace. However, since reference and spec-
trum need to be correlated with respect to time, the dynamic
range cannot be improved by increasing the integration time.
Despite this limitation, a dynamic range of 86.4 dB and
bandwidth of 3.9 THz is achieved using the i-PMU with
500 µs integration time. A future, revised design of the
i-PMU will allow us to reduce the on-chip thermal crosstalk
and at the same time further improve the systems footprint
and scalability.

To exploit the benefits of miniaturized photonic signal
processing, the bulky and expensive lab equipment for driving
also needs to be replaced. To this end, we tailored the required
driving electronics based on commercial ICs. In addition, the
whole signal acquisition is realized on a PCB using analog
electronics. The resulting µ-DAU for driving and data acqui-
sition is connected viaUSB and enables 8 times faster spectral
measurements with 3 times higher frequency resolution com-
pared to the lab equipment. That is, an acquisition time of
only 0.5 s is required for a 5 THz scan with 500MHz spectral
resolution. Here, the measurement speed is limited by the
employed tunable laser source. For a single spectral sweep,
a terahertz bandwidth of 2.8 THz is achieved and the peak
dynamic range is 69 dB. When averaging over 100 traces,
for instance, the bandwidth increases to 3.6 THz and the
peak dynamic range to 81.7 dB. However, the actual potential
of the µ-DAU is the high measurement speed required for
industrial applications. The µ-DAU and i-PMU can handle
twice the laser sweeping speed, i.e. 5 THz in 0.25 s, keeping
the same integration time and resolution. For even higher
frequencies, a faster, continuous data stream to the PC would
be needed.

The combination of both photonic and electronic integra-
tion allows for purpose-specific, miniaturized, and fast tera-
hertz systems. Thus, the demonstrated approach is promising
for industry-related applications like non-destructive testing
and in-line process control. With averaging, such a system is
also suitable for applications in which high dynamic range,
high bandwidth, and high frequency resolution are preferable
tomeasurement speed. However, all applications benefit from
systems based on standardized and commercially available
components, since this leads to more compact systems at
lower production costs. Overall, the presented system is an
important step toward making optoelectronic cw terahertz
spectrometers an affordable and widespread technology in
academia and industry.
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