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Abstract
An ultra-wideband (UWB) interconnect technology using indium phosphide (InP)-
based transitions for coupling the output signals from terahertz (THz) photodiodes 
featuring coplanar waveguide (CPW) outputs to low-loss dielectric rod waveguides 
(DRWs) is presented. The motivation is to exploit the full bandwidth offered by THz 
photodiodes without limitations due to standard rectangular waveguide interfaces, 
e.g., for future high data rate THz communications. Full electromagnetic wave 
simulations are carried out to optimize the electrical performance of the proposed 
InP transitions in terms of operational bandwidth and coupling efficiency. The 
transitions are fabricated on 100-µm-thin InP and integrated with silicon (Si) DRWs. 
Experimental frequency domain characterizations demonstrate efficient THz signal 
coupling with a maximum coupling efficiency better than − 2 dB. The measured 3-dB 
and 6-dB operational bandwidths of 185 GHz and 280 GHz, respectively, prove the 
multi-octave ultra-wideband features of the developed interconnect technology. The 
6-dB operational bandwidth covers all waveguide bands between WR-12 to WR-3, 
i.e., a frequency range between 60 and 340  GHz. In addition, the multi-octave 
performances of the fabricated interconnects were successfully exploited in proof-of-
concept THz communication experiments. Using intermediate frequency orthogonal 
frequency division multiplexing (OFDM), THz communications are demonstrated 
for several frequency bands using the same interconnect. Considering soft-decision 
forward error correction, error-free transmission with data rates of 24 Gbps at 
80 GHz and 8 Gbps at 310 GHz is achieved.
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1  Introduction

The demand for higher data rates is growing rapidly with the emergence of 
artificial intelligence (AI)-powered cloud computing, ever-increasing device 
connectivity, and richer content such as virtual reality (VR) and 8 K video [1]. 
To support these services, it is essential to overcome bandwidth limitations 
introduced by interconnect technologies such as wire bonding to enable ultra-
high-speed communications of 100 Gbps or more, potentially 1 Tbps. In recent 
years, the terahertz (THz) frequency band has attracted increasing attention as a 
promising technology for communications [2, 3]. The advantage of THz waves is 
their substantial bandwidth. Therefore, ultra-wideband (UWB) communications 
and multi-band communications using frequency division multiplexing (FDM) 
schemes in the THz band are critical factors in achieving Tbps communication 
links [4]. Besides communications, the availability of the vast bandwidth plays 
a vital role in the development of high-resolution sensors for ranging [5], non-
destructive imaging [6], 3D imaging [7], and THz spectroscopy for material 
identification from fingerprints [8–10].

Indium phosphide (InP)-based uni-traveling carrier photodiodes (UTC-PDs) 
have an enormous potential for such UWB applications owing to the multi-octave 
tunable THz signal generation enabled by the photomixing technique [11, 12]. 
The operating frequency can be easily selected by tuning the difference frequency 
of two tunable laser signals. Recently, InP-based UTC-PDs have exhibited UWB 
operation beyond 4  THz [13] and promising levels of output power, reaching 
over + 15  dBm at 77  GHz [14], + 3.4  dBm at 150  GHz [15], and − 0.6  dBm at 
240  GHz [16]. However, the conventional packaging technology based on 
metallic rectangular waveguide (WR) interfaces or antennas limits the operational 
bandwidth of broadband THz-PDs [7, 8, 14–16]. On the other hand, although the 
use of silicon (Si) lenses enables UWB operation for free-space optics, their large 
physical size prevents planar integration into compact THz integrated circuits 
[17–19].

Figure 1 presents a conceptual schematic of an FDM-based onboard THz data 
link using an UWB transition interconnecting UWB THz UTC-PD transmitter 
(Tx) and THz UWB receiver (Rx). Contrary to WRs and Si lenses, planar 
dielectric waveguides [19–23] made of high-resistive (> 10  kΩ·cm) silicon 
(HR-Si) are very promising to cover the UWB operational frequency range 
in THz integrated circuits. The potential of dielectric rod waveguides (DRWs) 
as UWB antennas at 75–1100  GHz has been demonstrated [20]. Furthermore, 
the transmission loss of DRWs was found to be smaller than 0.087  dB/cm at 
90–220  GHz in [21] and 0.059  dB at 260–390  GHz in [22] since there are no 
ohmic losses. All-intrinsic-silicon THz microphotonics systems using DRWs has 
been proposed for compact and broadband THz communication and spectroscopic 
sensor  applications [22–27]. Thus, it is advantageous to integrate HR-Si DRWs 
with InP-based UTC-PDs through an efficient UWB transition. This will allow 
overcoming the WRs and Si lenses limitations and developing ultra-high-speed 
on-chip communication with the THz UWB UTC-PD Tx and UWB Rx, as 
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presented in Fig. 1. Usually, UTC-PDs feature 50-Ω planar transmission lines at 
the output, particularly coplanar waveguides (CPWs). This enables to couple the 
RF output power to other components, such as amplifiers or antennas.

We present, in this work, an UWB transition between InP-based CPWs and 
Si DRWs. The signal is coupled from the CPW to the DRW in two steps. First, a 
transition from CPW to coplanar stripline (CPS) is considered to ensure impedance 
matching and efficient coupling by considering enough contact surface for the DRW 
on the InP substrate. Then, the signal is further coupled to the DRW.

This paper is organized as follows: InP-based transition design and structure 
are described in Section  2. The device fabrication and assembly are explained 
in Section  3. Finally, a study on the coupling efficiency of the transition through 
the experiment is presented in Section  4. Communication experiments through 
the proposed interconnection are demonstrated at 80-GHz and 300-GHz bands in 
Section 5. Finally, this work concludes in Section 6.

2 � InP‑Based Tapered‑Slot Transition

A wideband coupling technique to integrate InP-based UTC-PD with Si DRW is 
studied in this work. Figure  2 illustrates the concept of wideband coupling. As 
presented in Fig. 2(a), we couple the THz signal from the InP-based planar waveguide 
to the Si DRW by attaching the DRW to the middle of the tapered-slot transition with 
an exponential-curve profile [27]. Preliminary findings that tapered-slot transitions 
enable an efficient transition at WR-12 and WR-10 bands have been reported in [28]. 
The waveguide modes in the transition are gradually coupled to the Si DRW taper 
in the vertical direction, and the transferred modes are propagated into the Si DRW. 
In addition, a transition from CPW to CPS is included in the entire transition, as 

Fig. 1   Conceptual schematic of onboard THz data links based on frequency division multiplexing 
(FDM) schemes. Proposed interconnects, consisting of ultra-wideband (UWB) transitions and high-resis-
tive silicon (HR-Si)-based dielectric rod waveguide (DRW) interconnect between on-chip THz-PD trans-
mitter (Tx) and THz UWB receiver (Rx)

534

1 3



Journal of Infrared, Millimeter, and Terahertz Waves (2023) 44:532–550	

shown in Fig. 2(b). The CPW pads allow contact with ground-signal-ground (GSG) 
probes to characterize the transition and conduct communication experiments, which 
will be presented later. Moreover, since the UTC-PDs we have recently reported in 
[15, 16] have the same CPW pads as an output, the transition proposed here could 
be monolithically integrated with the UTC-PD in the future. The transition can be 
designed based on Eqs. (1) and (2)

where a, c, and l are the aperture, curvature, and length of the transition, 
respectively, and s and g are the width of the signal line and ground of the CPS 
input. Equations (1) and (2) determine the inner and outer curves of the transition, 
which are shown in Fig. 2(c).

Regarding the DRW design, the cross section and each length of the linear 
taper ltaper and the straight section were fixed as 1.0 × 0.5 mm2, 8 mm, and 45 mm, 
respectively, because it operates in the UWB range from approximately 65 GHz to 
beyond 300 GHz. The lower cutoff frequency was determined by the cross section of 
the DRW [29].

Table  1 shows the resulting parameters for the proposed transition after 
electromagnetic-wave simulations (using CST Studio Suite 2022). To optimize the 
parameters, firstly, the coupling efficiency of the CPS-to-DRW transition �CPS→DRW 
is defined as

(1)y1(x) =

(

a − g − 2s + 2

2

)x∕cl

+
g

2
+ s − l,

(2)y2(x) =

(

a − g + 2

2

)x∕l

+ s − l,

Fig. 2   Schematic of InP-based transition from coplanar waveguide (CPW) to Si dielectric rod waveguide 
(DRW). (a) 3D schematic of whole transition, consisting of CPW-to-coplanar stripline (CPS) transi-
tion, 1-mm-long straight CPS, and CPS-to-DRW transition. DRW taper is attached on the middle of the 
tapered-slot transition. (b) Top view of CPW-to-CPS transition. (c) Top view of CPS-to-DRW transition. 
Parameters of the tapered-slot transition design are shown
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where PCPS represents the power fed to the CPS input of the CPS-to-DRW transition, 
PWR represents the power coupled to WR waveguides, and ILDRW→WR is the insertion 
loss of the coupling part from the middle of the DRW to the WR waveguide, as 
illustrated in Fig.  3(a). This definition is applied to both the simulation and the 
measurement. For determining ILDRW→WR , we first simulated the total insertion loss 
of the DRW coupled to the WR waveguides on both sides and then divided this 
loss by two. The interconnect using the transition on the InP substrate and the Si 
DRW was thoroughly investigated in the simulations. As the aperture determines 
the lower cutoff frequency and the cross section of the DRW, a was selected as small 
as 2  mm to cover the 3-dB operational frequency range from 65  GHz, as shown 
in Fig. 3(b). For optimizing l, a trade-off between the coupling efficiency and the 
operational bandwidth was considered. The longer the transition, the more efficient 
the coupling is at lower frequencies, though the higher the metal loss is caused at 
higher frequencies. As shown in Fig. 3(c), l was determined as 12 mm as a result 
of taking the trade-off into account. The curvature c affects the coupling efficiency, 
which is barely the best at 0.4 up to around 200 GHz, as shown in Fig. 3(d). After 
the thorough optimization, we simulated a coupling efficiency of the CPW-to-DRW 
transition �CPW→DRW from 60 to 350 GHz, which is defined as

where PCPW is the power fed to the CPW input of the CPW-to-DRW transition, as well 
as �CPS→DRW . Figure 4(a) presents the simulated results of the coupling efficiency. 
In the CPS-to-DRW transition, an efficient coupling with less than 1 dB loss can 
be seen in the frequency range from 70 to 190 GHz. In the same frequency range, 
the CPW-to-DRW transition has a coupling efficiency of approximately − 2  dB. 
The difference between the two coupling efficiencies corresponds to the loss in the 
CPW-to-CPS transition. Figure 4(b) and (c) show the different losses contributing to 
the total coupling loss of the CPW-to-DRW transition and the E-field distributions 
at 80, 240, and 300 GHz. As can be seen, the coupling loss is mainly dominated by 
radiation loss, followed by metal loss. Compared to those losses, the reflection loss 
and the dielectric loss are less dominant, with < 0.5 dB and < 0.003 dB, respectively. 
Above 220 GHz, the coupling efficiency decreases with frequency and sharply drops 
at 220–250 GHz, primarily because of radiation loss. A peak of the radiation loss at 
240 GHz corresponds to a drop in coupling efficiency (Fig. 4(b)). The cause of the 

(3)�CPS→DRW =
PWR−ILDRW→WR

PCPS

,

(4)�CPW→DRW =
PWR−ILDRW→WR

PCPW

,

Table 1   Transition design 
parameters CPS width s 100 μm

CPS gap g 200 μm
Transition aperture a 2 mm
Transition length l 12 mm
Transition curvature c 0.4
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sharp increase in radiation loss is a combination of two undesired mode excitations. 
The excitation of a substrate mode in the InP substrate is the one. We employ a 
100-µm-thick InP substrate in this work so that we can handle the chip and assemble 
the device by hand. However, the right substrate thickness for higher-frequency 
operations is much smaller. The thickness of the InP substrate for the WR-3 band 
is 50 µm [30, 31]. Figure 5 shows the simulation results of three different CPW-to-
DRW transitions with different InP substrate thicknesses and different thicknesses 
of Si DRWs. As shown in Fig. 5, no drop in the coupling efficiency or increase of 
the radiation loss can be seen at 220–250 GHz with a 50-µm-thick InP substrate, 
which is shifted to a higher frequency over 320 GHz. This indicates that introducing 
a 50-µm-thick InP substrate can suppress the substrate modes that cause significant 
radiation loss at the WR-3 band.

Fig. 3   Optimization of CPS-to-DRW tapered-slot transition design. (a) Schematic of two simulation 
models (CPS-to-WR transition and WR-to-DRW-to-WR transition). Simulated coupling efficiency of the 
CPS-to-DRW transition with different parameters swept, (b) the aperture, (c) the length, and (d) the cur-
vature of the tapered-slot transition. Red solid lines in each graph show the coupling efficiency with the 
optimized parameters
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The other unnecessary modes excited in the transition are high-order modes. As 
Fig. 4(c) shows, modes are winding at 240 and 300 GHz. For the realization of UWB 
operation in both millimeter wave and THz frequency band, such as between WR-12 
(60–90 GHz) and WR-3 bands, a 500-µm-thick Si DRW is employed; however, high-
order modes start propagating in such a thick dielectric waveguide as the frequency 
increases and cause a significant interaction with the fundamental mode, leading an 
additional radiation loss. The frequency at which the high-order modes interfere with 

Fig. 4   (a) Simulation results of the CPS/CPW-to-DRW transition: (a) coupling efficiency, (b) different 
losses contributed to the coupling loss, and (c) E-field distributions at 80, 240, 300 GHz

Fig. 5   Simulated (a) coupling efficiency and (b) radiation loss of different transitions with 
100/50-µm-thick InP CPW and 500/200-µm-thick Si DRW
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the fundamental mode depends on the thickness of the Si DRW because the thicker 
Si DRW aggravates a symmetricity of the mode propagation in a vertical direction 
and increases the interference between different modes. To fix the asymmetrical mode 
propagations, a thinner Si DRW is desired, which is not introduced for keeping the 
UWB operational band from WR-12 band in this work. By improving the symmetricity, 
the frequency at which the high-order modes interact with the fundamental mode can 
be shifted. As can be seen from Fig. 5, the CPW-to-DRW transition on the 50-µm-thin 
InP substrate, using a 200-µm-thin DRW, removes the sharp increase of the radiation 
loss and improves the coupling efficiency at 220–250 GHz, although the lower cutoff is 
also shifted from approximately 65 to 90 GHz, limiting the operational band.

3 � Chip Assembly and Fabrication

The designed tapered-slot transitions with 50-Ω CPW were fabricated on a 100-µm-thin 
InP substrate. Although a substrate-transfer fabrication process to keep the mechanical 
stability of 50-µm-thick InP chips was reported recently for developing a THz leaky-
wave antenna for WR-3 band [31], the reported process could not be applied to this 
work because of a gold bonding layer and a thick Si transfer substrate. They were 
introduced for realizing the mechanical stability; however, the gold bonding layer on 
the bottom of the InP substrate would lead to a grounded CPW, causing a substantially 
worse coupling efficiency to the DRW. Even without the gold layer, a high-permittivity 
supporting substrate would increase the effective thickness of the transition and thus 
also cause a high coupling loss. The electrical field must be well confined to enable 
an efficient coupling from the transition to DRW. We, therefore, investigated two 
alternatives for supporting InP substrates with less influence on the coupling efficiency: 
One is an extremely low permittivity foam, ROHACELL 71 HF [32]. The other is the 
cyclic olefin copolymer (COC) plate, TOPAS 5013L-10 [33]. The permittivity of the 
ROHACELL and the COC is 1.09 and 2.35, respectively. The lower the substrate’s 
permittivity, the less the coupling efficiency is affected.

We bonded the fabricated transition chip on the foam first. Then, the bonding 
was done manually by placing the chip on the top of the foam, covered with a 
benzocyclobutene (BCB) polymer by a spin coating process. Figure  6 shows the 
photograph of the fabricated chip before and after bonding on the foam. Because of 
the large surface roughness of the foam (~ ± 200 µm), the bonding was insufficient 
to keep the mechanical stability during the characterization with probe contacts. 
Hence, we employed the COC plate, which had a flat surface with a roughness 
of < 1 µm. The foam was used as supporting material for characterizing the coupler 
at 60–110 GHz, and the COC plate was used at 110–170 GHz and 250–350 GHz.

4 � Measurement

We experimentally conducted THz signal coupling from InP CPW to Si DRW. 
Figure  7(a)–(e) show the experimental setups for characterizations at different 
frequency bands. The coupling efficiency was measured using WR-based equipment 

539

1 3



Journal of Infrared, Millimeter, and Terahertz Waves (2023) 44:532–550

from 60 to 350  GHz, except for 170–250  GHz, where no THz source and GSG 
probe were available in our laboratories.

4.1 � Vector Network Analyzer at 60–90 GHz

A vector network analyzer (VNA) (Anritsu, MS4647B) was used to characterize 
the coupling from 60 up to 90 GHz to determine the lower limit of the operational 
bandwidth. The signal from port 1 was fed to the transition through the GSG 
probe with less than 1.2 dB of insertion loss. At the receiving side, we employed 
a DRW probe with a DRW taper as its input/output interface [34] connected to 
port 2, as shown in Fig. 7(b). The calibration of the DRW probe was conducted 
by calculating the loss of the DRW probe from the measured S21 in a back-to-back 

Fig. 6   Photograph of (a) the fabricated transitions on 100-µm-thin InP substrate and (b) the transition 
chips bonded on low permittivity foam, ROHACELL with a thickness of 4 mm

Fig. 7   Experimental setups for characterizing the transition at (a) 60–90, (c) 90–110 and 250–350 GHz, 
and (d) 110–170 GHz. Photographs of the experimental setups for the measurement at (b) 60–90 and (e) 
110–170 GHz. WR-3 LNA was used only in the characterization at 250–350 GHz
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configuration with two DRW probes first, and the calculated loss of one DRW 
probe was subtracted from the measured S21 in the total coupling efficiency of the 
transition measured in the end. As can be seen from Fig. 8, the lower frequency 
cutoff is around 65 GHz. For frequencies between 80 and 90 GHz, the coupling 
efficiency is about − 2 dB. Both results agree well with the simulations.

4.2 � Photodiodes and Power Meter at 90–110 GHz and 250–350 GHz

A PD with 1-mm coaxial output (Finisar, XPDV4121R-WF-FA), a J-band UTC-PD 
(NTT Electronics), an Erbium-doped fiber amplifier (EDFA), GSG probes, and 
a power meter (VDI, Erickson PM5) were used for characterizing the transition 
at 90–110  GHz and 250–350  GHz. Because the available output power from the 
UTC-PD was insufficient to measure the power through the transition and the DRW, 
a low-noise amplifier (LNA) (Radiometer Physics, H-LNA) with a maximum gain of 
28 dB and a noise figure of 11 dB, operating at 250–350 GHz, was used additionally. 
For calibration, the loss in half of the straight section of DRW and the DRW linear 
taper inserted into the hollow waveguide were measured at each frequency band, 
and then, the coupling efficiency was obtained. The calculated coupling efficiency 
from the measurements is presented in Fig. 8. Even though a fluctuation of around 
1–2 dB can be seen because of standing waves in the measurement configurations, 
The measured coupling efficiencies for the two transitions on ROHACELL and COC 
both agree well with simulations.

Fig. 8   Coupling efficiency of the CPW-to-DRW transition demonstrated at 60–110 GHz on ROHACELL 
(green) and 110–170 GHz and 250–350 GHz on COC plate (blue). The transition was not able to demon-
strate the coupling at 170–250 GHz due to no equipment available
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4.3 � Frequency Multiplier and Power Meter at 110–170 GHz

A frequency multiplier (VDI) was used for tripling the signal frequency generated 
by a synthesizer (Anritsu, 68087B) to demonstrate the coupling at 110–170 GHz. 
As shown in Fig. 7(c), the frequency was swept from 33.83 to 56.33 GHz, and the 
amplified signal through a driver amplifier (CENTELLAX, OA5MVM) pumped 
the tripler. A WR-6 GSG probe connected to the tripler fed the THz signal to the 
transition chip, and the signal was coupled to the DRW through the transition. The 
WR-6 hollow waveguide is attached to the DRW and detects the coupled power with 
the power meter. As a result, the experiment at 110–170 GHz also demonstrated a 
coupling efficiency of approximately − 2 dB, which agrees with the simulation.

The measured entire coupling efficiency of the CPW-to-DRW transition reveals a 
3-dB and 6-dB operational bandwidth of approximately 185 and 280 GHz, starting 
from 65 to 250 GHz and 60 to 340 GHz, respectively. This corresponds to record 
high relative bandwidths of 114% and 140%, respectively. In addition, as Fig.  8 
shows, there is a difference in the first roll-off in the simulated coupling efficiency 
between the ROHACELL and the COC plate, which the effective thickness 
change in the CPW-to-DRW transition could explain. Since the COC has a higher 
permittivity than the ROHACELL, the effective thickness of the transition chip is 
increased. Hence, the overall frequency response is shifted to lower frequencies. 
This is also true for the frequencies around 240 and 340 GHz, at which higher-order 
modes propagate.

5 � Data Communications Experiments

As mentioned in Section  1, multi-band communications based on FDM are 
promising technologies for THz communication applications. After demonstrating 
the wide operating bandwidth of the interconnection using the DRW, we show a 
single-channel data transmission in the multi-frequency band using the DRW 
interconnect to exhibit the potential of FDM-based multi-channel communications.

5.1 � DRW Interconnects at 80‑GHz Band

A photonics-assisted wired communication using the transition and the DRW 
was demonstrated at 80  GHz. Figure  9 illustrates the block diagram of the 
communication experiment setup. The intermediate frequency orthogonal 
frequency division multiplexing (IF-OFDM) [35] based I-Q data signal is 
generated using a digital signal processing (DSP) routine. The number of sub-
carriers in OFDM is 1024; each is modulated using a 4-QAM and 16-QAM signal 
format. The OFDM I-Q signal is generated using an arbitrary waveform generator 
(AWG) (Keysight, M9505A) at an intermediate frequency (IF) fIF of 5 GHz. The 
IF signal is amplified by a medium power amplifier (MPA) (SHF810) and fed into 
a Mach-Zehnder modulator (MZM) (Fujitsu, FTM7938EZ) to modulate λ1. The 
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resulting signal is amplified by an EDFA and is combined with λ2, functioning 
as a local optical oscillator, and is amplified to reach a power level of 12 dBm 
by a second EDFA. After passing through a polarization controller, it is fed into 
a PD to obtain the data signal at the carrier frequency fc = 80 GHz. The output 
power from the PD module was approx. − 15 dBm at minimum in the experiment. 
The GSG probe with an insertion loss of approx. 0.5 dB was attached to the PD, 
and the transition placed on the COC plate was fed with the GSG probe. The 
transition transferred the data signal into the DRW, with a linear taper inserted 
into the hollow waveguide. The hollow waveguide was connected to a Schottky 
barrier diode (SBD) detector (VDI, WR12ZBD-F), employing an envelope 
detection, and the signal was downconverted to IF. For demodulating the signal 
in the digital domain, after amplification at IF with MPA (Miteq, JS4-00102600), 
the waveform was digitized by a high-frequency digital sampling oscilloscope 
(DSO) (Keysight, DSA-Z 634A) and then analyzed using off-line DSP.

Figure 10 shows the measured bit error rates (BERs) as a function of modulation 
rates in (a) 4-QAM and (b) 16-QAM IF-OFDM transmissions. As can be seen 
in Fig.  10(a) and (b), BERs below 10−5 were achieved with 6-GHz and 3-GHz 
modulation bandwidths of 4-QAM and 16-QAM IF-OFDM signals, corresponding 
to transmission at 12  Gbps. Considering hard-decision and soft-decision forward 
error correction (HD-FEC, SD-FEC) thresholds of 3.8 × 10−3 and 2.0 × 10−2 [36], 
an error-free transmission was successfully demonstrated up to 15 and 16  Gbps 
with 4-QAM and up to 20 and 24 Gbps with 16-QAM modulations, respectively. 
The recovered constellations for the transmissions achieving BER below 10−5 
are presented in Fig.  11(a) and (c). Figure  11(c) and (d) show the recovered 
constellations for the transmission achieving BERs below the SD-FEC limit with 
different modulation schemes.

The main factor limiting the achieved data rate was the total bandwidth in the 
THz interconnection, consisting of the PD, the GSG probe, the transition, the 
DRW, and the SBD detector, which was approximately 8  GHz from the carrier 
frequency of 80 to 88  GHz, closely reaching the cutoff frequency of WR-12 
components at 90  GHz. Therefore, a fully integrated THz interconnect without 

Fig. 9   Communication experiment at (a) 80 GHz and (b) 310 GHz using the transition. MPA, medium 
power amplifier; MZM, Mach-Zehnder modulator; EDFA, erbium-doped fiber amplifier; AWG, arbitrary 
waveform generator; UTC-PD, uni-traveling-carrier photodiode; GSG, ground-signal-ground; LNA, low 
noise amplifier; SBD, Schottky barrier diode; DSO, digital sampling oscilloscope. Optical, RF, and base-
band/IF connections are shown in blue, green, and red, respectively. WR-3 LNA was used only in the 
experiment at the 300-GHz band
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WR could offer a wider bandwidth, leading to a higher data rate in single-channel 
transmission or a higher data rate in multiple-channel transmissions.

5.2 � DRW Interconnects at 300‑GHz Band

As with the communication at 80 GHz, we also demonstrate the data interconnect at 
310 GHz using the same IF-ODFM schemes. The block diagram of the experimental 
setup is illustrated in Fig.  9. To demonstrate the communication at the 300-GHz 
band, the J-band UTC​-PD module and WR-3 GSG probe were used at the transmitter 
side. At the receiving side, we employed the WR-3 SBD detector and WR-3 LNA 
used in the transition characterization, as described in Section  4.2. The carrier 
frequency fc and the IF frequency fIF were set as 310 GHz and 6 GHz, respectively. 
The same conditions were implemented for the other setups in the communications 
at the 80-GHz band. Figure  12 shows the demonstrated BER as a function of the 
achieved data rate and the recovered constellation diagrams in 4-QAM IF-OFDM 
signal interconnection at the 300-GHz band.

Fig. 10   (Bit error rates) BERs as a function of demonstrated data rate in (a) 4-QAM and (b) 16-QAM 
IF-OFDM transmissions 80-GHz band. Soft-decision and hard-decision forward error correction (SD-
FEC, HD-FEC) thresholds are 2.0 × 10

−2 and 3.8 × 10
−3 , respectively

Fig. 11   Recovered constellation diagrams in 80-GHz band 4-QAM IF-OFDM signals at (a) 12 and (b) 
16 Gbps and 16-QAM IF-OFDM signals at (c) 12 and (d) 24 Gbps. Data rates and BERs are shown on 
the top of each constellations
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As can be seen in Fig. 12(a), we successfully demonstrated a 2-Gbps 4-QAM IF-
OFDM signal transmission with BER below 10−5 and error-free transmission of up 
to 8 Gbps data rate with BER below the SD-FEC limit. The key results performed 
with the DRW interconnects at the 80-GHz and the 300-GHz band are summarized 
in Table  2. The maximum data rate was limited because of the low signal-to-noise 
ratio (SNR) in the 300-GHz band transmission system. It is essential to mention 
that the output power from the UTC-PD we used in the experiment was as low as 
−35  dBm at around 310  GHz. Therefore, without an additional amplifier having a 
28-dB gain and 11-dB noise figure at the receiver side, the SBD detector could not 
detect the transferred signal through the GSG probe and the interconnect. Significant 
progress could be expected concerning a higher SNR when considering the monolithic 
integration of InP-based UTC-PD and the transition. A monolithically integrated 
transition with a high-output UTC-PD [15] could enable an UWB operation from 
WR-12, starting at 60  GHz, up to beyond the WR-3 frequency band for a higher-
speed THz interconnection. Table 3 summarizes the state-of-the-art HR-Si waveguide 
interconnects for planar integration of active devices. Compared with the other notable 
work, the fabricated HR-Si DRW interconnect with InP-based transition presents quite 
wide relative bandwidth and a number of WR operational bands covering from WR-12 
to WR-3 with a compatible insertion loss per transition. Furthermore, the fabricated 
interconnect demonstrated high-speed interconnections at multiple frequency bands 
toward multi-band communication applications.

Fig. 12   BERs as a function of demonstrated data rate in (a) 4-QAM IF-OFDM transmissions at 300-
GHz band. Soft-decision and hard-decision forward error correction (SD-FEC, HD-FEC) thresholds are 
2.0 × 10

−2 and 3.8 × 10
−3 , respectively [36]. Recovered constellation diagrams in 4-QAM IF-OFDM sig-

nals at 300-GHz band at (b) 2 and (c) 8 Gbps

Table 2   DRW interconnects 
results ([*] indicates below 
SD-FEC limit)

Data rate fc Modulation BER

24 Gbps 80 GHz 16 QAM 1.4E–02 [*]
16 Gbps 80 GHz 4 QAM 5.3E–03 [*]
12 Gbps 80 GHz 16 QAM  < 1.0E–05
12 Gbps 80 GHz 4 QAM  < 1.0E–05
8 Gbps 310 GHz 4 QAM 8.3E–03 [*]
2 Gbps 310 GHz 4 QAM  < 1.0E–05
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6 � Conclusion

We demonstrate an UWB multi-octave THz interconnect technology using planar 
InP-based transitions to couple THz signals from CPWs to low-loss Si DRWs. The 
fabricated interconnects support multi-octave operation from the millimeter wave 
frequency band (WR-12) to beyond the WR-3 THz frequency band. A maximum 
coupling efficiency of better than −2  dB is achieved from 80 to 170  GHz. The 
measured 3-dB and 6-dB operational bandwidths are 185 and 280 GHz, respectively. 
This corresponds to record bandwidths of 114% and 140%. The coupling efficiency 
is mainly limited due to the radiation loss of the transition, caused by the excitation 
of substrate modes in the 100-µm-thick InP substrate and high-order modes that 
interfere with the fundamental mode in the 500-µm-thick Si DRW. The coupling 
efficiency could be further improved by introducing a thinner InP substrate and a 
thinner Si DRW. Furthermore, as a proof of concept, we demonstrated multi-band 
IF-OFDM-based THz communications using the same fabricated THz interconnect 
for WR-12 and WR-3 bands. Error-free 16-QAM IF-OFDM 24 Gbps signal 
transmission at 80 GHz is achieved assuming soft-decision forward error correction 
(SD-FEC). At 310 GHz, despite the low output power available from the commercial 
PD, we achieved 4-QAM IF-OFDM 8 Gbps signal transmission for SD-FEC. Future 
monolithic integration of InP-based UTC-PDs with the proposed transition would 
eliminate the use of WR transitions which are currently limiting the operational RF 
bandwidth, and pave the way toward multi-band and UWB THz communications.
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