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Abstract—The design and analysis of novel waveguide-coupled 

photonic transmitters, which can have an extremely wide ±3-dB 

fractional optical-to-electrical (O-E) bandwidth at near the THz 

operating frequency regime (100%; 0.1-0.3 THz), is presented.  

This novel module is composed of a customized WR-10 based 

wideband antenna and an ultra-fast/high-power photodiode with 

a 0.33 THz 3-dB O-E bandwidth, which is flip-chip bonded onto 

an aluminum nitride (AlN) substrate, integrated with an 

impedance matching circuit as well as a bow-tie radiator to serve 

as the antenna feed. The WR-10 based dual-ridge horn structure 

is adopted to realize the extremely wideband antenna because the 

dominant TEM mode supported by the dual ridges has no cutoff 

frequency. The proposed antenna exhibits an over 18 dB gain 

across the whole operating bandwidth (0.1-0.3 THz). With the 

transmitter operating at an output photocurrent of 10 mA and 

employing the same dual ridge-horn antenna at the receiving end, 

we can detect a reasonable power (31.6 W) at 0.24 THz through 

1 cm wireless transmission.     
Index Terms—photodiodes, high-power photodiodes, radio 

frequency photonics 

I. INTRODUCTION 

The application of photonic technology for a fifth generation 

(5G) millimeter-wave (MMW) wireless communication system 

is very attractive. In the 5G access fronthaul [1] we can generate 

optical MMW and data signals in the central office and then 

transmit them to an antenna in the cell site cabin through low-

loss optical fibers.  Compared with traditional MMW systems 

based on metallic waveguides or coaxial cables, the photonic 

approaches with optical fibers for MMW signal transmission 

have much lower loss/dispersion and a nearly infinite 

bandwidth. Due to these advantages, the photonic MMW 

solution can also greatly enhance the performance in terms of 

the operating bandwidth, size of the system, phase noise, and 

complexity of the generated waveform over other traditional 

MMW or THz systems, including THz communication systems 

[2], sub-THz/THz vector network analyzers (VNA) [3,4] and 

chirped pulse radar systems [5].  In the case of photonic VNA 

for example, it can produce a single sweep of the operating 

frequency from near dc to THz regime by using just a single 

photodiode combined with an optical MMW source [6] instead 

of using different frequency  
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multipliers at different MMW bands with different waveguide 

and calibration processes [7]. This can lead to great savings of 

time and cost during THz measurement. The ultrafast and high-

power photodiodes (PDs) play important roles in these photonic 

MMW systems, often determining their maximum available 

bandwidth, power, and dynamic range [3,8].  

An effective solution for photonic sub-THz/THz applications 

involving the integration of the ultra-fast uni-traveling carrier 

photodiodes (UTC-PDs) with metallic waveguides was 

presented in [9,10]. They demonstrated excellent 

power/bandwidth performances and are now commercially 

available1. Although the antenna-integrated photomixer module 

[10-12] may have a broader bandwidth than the waveguide-

coupled ones, the waveguide package is still preferable for 

system integration due to the fact that most of the active/passive 

MMW components, such as amplifiers, horn antennas, and 

mixers, have waveguide-based input/output ports. Nevertheless, 

the bandwidths of waveguide-coupled photomixers are usually 

limited by the intrinsic bandwidth of the metallic waveguides, 

and their output power is usually around 5-10 dB lower than 

that of sub-harmonic frequency multiplier modules, which have 

a very close bandwidth performance and operate at 

corresponding MMW bands2. 

In this work, we demonstrate a novel waveguide-coupled 

photonic THz transmitter capable of overcoming the intrinsic 

bandwidth limitation of the waveguide which can cover most of 

the low-loss sub-THz windows for wireless transmission (0.1 

to 0.3 THz) [13]. The module is mainly composed of a novel 

ultrafast uni-traveling carrier PD (UTC-PD) with a type-II 

hybrid absorber [14], dual ridge horn antenna [15], and planar 

circuits for waveguide/antenna excitation. By using such a 

transmitter with the same dual ridge horn antenna in the 

receiving end, we demonstrate the generation, wireless 

transmission, and detection of THz wave power with an 

extremely-wide ±3-dB fractional bandwidth (0.1 to 0.3 THz; 

100%).  Under a 10 mA output photocurrent, we detect an 

output power of 31.6 W at 0.24 THz at the receiving-end. 
    

II. TRANSMITTER DESIGN AND CHARACTERIZATION 

Figure 1(a) shows the CAD layout for full-wave simulation 

of the proposed transmitter chip.  It is shown that the active PD 

chip is flip-chip bonded onto a 150-m thick AlN carrier, where 

planar passive slotline circuits and a bowtie-shaped waveguide 

feed are imprinted. The PD-integrated transmitter chip is 

partially inserted into a WR-6 waveguide with the aid of two 

alignment grooves on the slotline, and the photo-generated 

output power from the PD is delivered to the bow-tie radiator 
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for waveguide excitation, as shown in the configuration in 

Figure 1(b). The entire transmitter module, as depicted in 

Figure 2, is realized by connecting the WR-6 to a WR-10 based 

dual ridge horn antenna through a WR-6 to WR-10 waveguide 

transition. From the microwave network point of view, the 

entire module is represented as a three-port network, including 

a photo-generated source input and a 50- matched load as 

indicated on Fig. 1(b) and the horn opening marked on Fig. 2. 

The corresponding reflection coefficient, S11, and the 

transmission coefficient, viz. S31, are extracted at every single 

frequency of the operating band by means of a co-simulation 

with the finite-element based full-wave solver, ANSYS HFSS 

[16], and the high-frequency circuit solver, Keysight ADS [17]. 

The readers are referred to our previous work [18, 19] for details 

of the device modeling and system characterization.  
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Figure 1. (a) CAD layout of the transmitter chip in our proposed waveguide-
coupled photonic transmitter; (b) CAD layout of the feed configuration for the 

WR-6 waveguide.  

The design approach of the transmitter module is essentially 

similar to that presented in [18], but the upper bound of the 

operating regime is greatly extended (~300 GHz) thanks to the 

adopted dual-ridge horn antenna. The planar passive elements 

used for transmitter chip development, including the notch filter 

(RF choke), bowtie feed, and tapered slotline between the 

integrated PD and the feed, are first described below. The 

design of the dual-ridge horn along with its effect as a load to 

the transmitted chip is then presented.  As shown in Figure 1(a), 

the RF choke is right below the filp-chip bonded PD chip. With 

the RF choke, the partially reflected photo-generated source 

from the bowtie feed is isolated from the PD bias, i.e. a notch 

filter to block transmission of the photo-generated source. This 

notch filter is synthesized with slotline short stubs [20-22]. 

Each of the short stubs introduces a specified transmission zero 

for realizing the stopband of the photo-generated source; the 

location and bandwidth of each zero can be independently 

adjusted with the stub length and the stub characteristic 

impedance. On the other hand, the PD chip on top of the stubs 

has a minor impact on the filter performance and is included in 

the full-wave characterization for filter optimization. In order to 

ensure wide band operation at the THz regime, some have 

designed planar circuits with novel topologies for broadening 

their resonant frequencies [23-25]. Here, for the WR-6 feed in 

our transmitter, we employ a bowtie-shape dipole structure, a 

variant of the conventional narrow-band dipole adopted in a 

previous design [19], for broadband excitation based on the 

same concept. The broadband nature of the adopted structure is 

described below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. CAD layout of the entire waveguide-coupled photonic transmitter 

module, including a dual ridge horn antenna. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Distribution of the surface current density on the bowtie at different 
operating frequencies.  

 

The conventional half-wavelength dipole can be categorized 

as a resonant type antenna, where the wire-shaped structure 

resonates when the dipole length is near an odd integer 

times half the wavelength. As all resonances are well separated, 

a half-wavelength dipole is often employed to operate at its 

lowest resonant frequency (first resonance) and has a very 

narrow operating bandwidth. In contrast, the adopted bowtie-
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shaped dipole supports the first resonance over a relatively wide 

range of operating frequencies, since each arm has a linearly 

tapered body and a rounded end. The distribution of the surface 

current density on the bowtie at four different operating 

frequencies is illustrated in Fig. 3. It can be seen that the first-

resonance wavelength (four times the length of the dashed 

arrow), i.e. four times the distance between the current peak 

(red) and null (blue), decreases sequentially as the frequency 

increases from 85 to 240 GHz. Furthermore, the onset of the 

second resonance is observed at 300 GHz. That is, the bowtie 

can operate at the first resonance from 85 GHz to nearly 300 

GHz. Hence, it is suitable for excitation of the fundamental 

mode of WR-6 over a very wideband. On the other hand, the 

structure has low insertion loss, as the slotline section between 

the grooves and the bowtie feed end functions not only as a 

reflector for the end-fire excitation, but as a reflector for the 

excited modes.  Furthermore, in contrast to a resonant type feed, 

e.g. the dipole feed, the structure of this sort of device has a 

relatively mild input-impedance variation over the entire 

operating band, which results in a simpler matching circuit 

design, as outlined below. Given the afore-mentioned nature of 

the feed, a tapered slotline section is capable of attaining a 

reasonably good match between the PD-integrated notch filter 

and the feed at the frequencies of interest, and the matching can 

be mainly optimized with the line length.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. The simulated frequency response of a transfer function for our 

photonic transmitter without (red trace)/with (blue trace) the dual ridge horn 
antenna. 

The red line in Figure 4 corresponds to the full-wave 

simulated S31, i.e. the transfer function, of the transmitter 

module without the transmitting dual-ridge horn antenna. We 

can clearly see that, by choosing a simulation power of 0.2 THz 

as a reference point, the ±3-dB bandwidth can cover from 0.1 

to 0.29 THz, except for two nulls at around 0.23 and 0. 26 THz. 

The existence of  the null is explained as follows. According to 

waveguide theory [20], the higher order modes of the WR-6 

waveguide start propagating when the operating frequency is 

over 180 GHz. Hence, the electric field (E-field) pattern at the 

overmoded waveguide opening starts to deviate from the 

fundamental TE10 mode. For illustration, Figure 5(a) 

demonstrates the E-field pattern on the waveguide cross section 

at point P (marked on Figure 2) at 150 GHz. As the frequency 

is below the cutoff frequency of the first higher order mode, 

there is only one mode (TE10) excited in the waveguide, which 

results in a large output voltage (high S31), between the two side 

walls are normal to the x axis. In contrast, examine the E-field 

pattern for the same cross section at 262.5 GHz (the second null 

of S31), which is presented in Figure 5(b). Owing to the 

overmoded operation, the dominant E-field peaks in the upper 

and lower territories and points in the +z direction, which leads 

to a significant drop in the output voltage (low S31). It can be 

concluded from this that the relatively low S31 at frequencies 

over 180 GHz is attributable to the overmoded operation. Here, 

the deterioration in the transfer function can be drastically 

alleviated with the addition of the proposed dual-ridge horn 

antenna. Figure 5(c) shows the E-field pattern at the antenna 

cross section (point Q) at 262.5 GHz for comparison against the 

one shown in Fig. 5 (b). In contrast to the overmoded field 

pattern, the cut-off free TEM mode is observed at point Q, 

thanks to the dual-conductor topology. Indeed, the x-directed E-

field can be extracted from the overmoded waveguide with two 

metallic ridges, so the output voltage is greatly enhanced. 

Below, the dual-ridge horn design followed by full-wave 

characterization is presented.  

 

 

 

 

 

 

 

 

 

 

 

 

 

           

Figure 5. The simulated E-field patterns for: (a) plane P at 150 GHz; (b) plane 

P at 262.5 GHz; and (c) plane Q at 262.5 GHz.  

As depicted in Figure 2, each of the two side walls normal to 

the x axis has a protruding metal blade centered in the middle. 

The exponentially profiled blade is poised for travelling-wave 

propagation. Up to 300 GHz, the simulated S11 of the antenna 

(Figure 6 (a)) is less than -20 dB, and the simulated gain (Figure 

6(b)) is greater than 25 dB. Figure 7 shows the directional, end-

fire patterns at the xy-plane for the frequencies at 105, 205, and 

305 GHz.   The resulting full-wave simulated S31 for this 

directional, broadband transmitting antenna is indicated by the 

blue line in Figure 4. The resultant S31 at frequencies over 180 

GHz is significantly improved, and the  ± 3-dB bandwidth 

referenced to 0.2 THz ranges from 0.1 to 0.3 THz.  The results 

of experimental verification of the proposed transmitter module 

for point-to-point wireless transmission are presented below. 

The experimental setup is described first, followed by a 

presentation of the measurement results along with a discussion 

in Section III.  
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Figure 6. (a) The simulated return loss for the proposed transmitter; (b) the 
simulated gain for the proposed transmitter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The simulated xy-plane gain patterns for the transmitter at 105, 205, 

and 305 GHz (from top to bottom). 

Figure 8(a) shows the top view of the fabricated passive 

circuits together with the bowtie feed on the AlN substrate, as 

well as the top view of the PD chip. The top view of the entire 

transmitter chip after flip-chip bonding of the PD onto the 

substrate is presented in Figure 8(b). The micro-machined dual-

ridge horn antenna is shown on the right of Figure 9, and the 

point-to-point wireless transmission setup is presented on the 

left of Figure 9. As shown in Figure 9, a WR-10 based dual-

ridge horn is employed as the transmitting/receiving antenna, 

and the horn is connected to the WR-6 feed via a tapered 

waveguide.  At the receiving end, the received power is 

measured with a thermal power meter (PM4, VDI-Erickson1). 

The distance between two horn openings is 1 cm. 

 

 

 

 

 

 

 

 

 

 

Figure 8. Top-view of the fabricated photonic transmitter chip: (a) before; and 
(b) after flip-chip bonding. 

 

 

 

 

 

 

 

Figure 9. Photo of the wireless transmission setup and the fabricated dual ridge 
horn antenna. 
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III. MEASUREMENT RESULTS AND DISCUSSION 

A typical two-laser heterodyne beating system is adopted in our 

setup to test the O-E frequency responses and photo-generated 

THz power from our transmitter [26].  During measurement, the 

output photo-generated electrical power from the PD should 

include the component of the difference frequency between the 

two lasers used in this setup, due to fact that the PD (photomixer) 

is intrinsically a nonlinear device. Its output photocurrent (I) is 

linearly proportional to the input optical power, which leads to 

a square relation between the input optical power vs. the output 

electrical power from the PD (𝐼2 × 𝑅 ; where R is the load 

resistance of PD). Figures 10 (a) and (b) show the measured O-

E frequency response of our PD with active diameters of 3 and 

5 m active, respectively, after flip-chip bonding and under a 

load of 50  [14]. We can clearly see that for the 3 m device, 

under an output photocurrent of 5 mA and an optimum bias of 

-0.5 V, the measured maximum 3-dB O-E bandwidth can reach 

0.33 THz, which meets the bandwidth required for photonic 

transmitter, as discussed latter.  On the other hand, there is a 

degradation of the 3-dB O-E bandwidth of 5 m device to 150 

GHz due to the decrease in the RC-limited bandwidth [14].   

 

 

 

 

 

 

Figure 10. (a) The measured O-E frequency responses of our active PD with: 

(a) 3; and (b) 5 m active diameters. 

Figure 11 (a) shows the measured frequency response of the 

fully wireless transmitter module at the receiving end. The 

output photocurrent is fixed at 8 mA during the measurement.  

Here, the black and green traces represent the measured traces 

from two different modules (Transmitter 1 and 2) but with the 

same package and same PD active diameter of 3 m.  We can 

clearly see that both modules have very similar O-E frequency 

responses and can cover the 0.1 to 0.3 THz operating frequency.  

Choosing the detected power at 0.2 THz as a reference point, 

the measured ± 3-dB optical-to-electrical (O-E) bandwidth can 

be as wide as 0.2 THz (0.1 to 0.3 THz). This corresponds to a 

100% fractional bandwidth. The fractional bandwidth achieved 

here should be the highest reported among waveguide-coupled 

photonic transmitters [9,10].   Figure 11 (b) shows the measured 

frequency response for the same transmitter module but with 3 

and 5 m active diameter PDs packaged inside. As can be seen, 

under the same output photocurrent (8 mA), the transmitter 

module with a 3 m PD exhibits a much better O-E bandwidth 

than does the  5 m device due to its much wider O-E 

bandwidth performance (0.33 vs. 0.15 THz), as discussed above. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. The measured O-E frequency responses of our wireless transmission 

channel (photonic transmitter with receiving antenna) with: (a) 3 m; and (b) 5 

m active diameter PDs packaged into the transmitter module 

 

The gain, G, of the adopted dual-ridge horn antenna at these 

operating frequencies can be extracted using the same 

measurement setup and calculated with the Friss transmission 

formula shown below.    

102 20log ( )
4

r tP P G
r




   ,                (1) 

where Pt is the photo-generated THz power fed into the dual 

ridge horn antenna, Pr is the available power at the receiving 

antenna terminal,  is the free-space wavelength, and r   is the 

distance between the phase centers of the transmitting and 

receiving  antennas, which is a function of the  and can be 

determined with the far-zone radiation fields [27]. More 

specifically, the far-zone fields are calculated with a given 

aperture field distribution at the horn opening. Here, the TEM 

mode supported by the two ridges is assumed in the field 

calculations. The resulting phase center location, termed d in 

[27], is first extracted and approximated as d ≈ 14. With the 

geometrical parameters of the horn as defined in [27], zr  50 

mm and 0   7.3, the distance between the horn aperture and 

the phase center is then obtained with 0coszr d  . The r  in eq. 

(1) is simply equal to the sum of the separation between the two 

horn apertures, i.e. 1 cm, and 2( 0coszr d  ). Table 1 shows 

the extracted gains at different operating frequencies, which 

agree well with the simulated results shown in Figure 6(b). The 

slight discrepancy between the tabulated results and the ones 

shown in Figure 6(b) might be attributed to the deviation of the 

actual aperture fields from the assumed ones (TEM mode). 

More specifically, the existence of closed metallic walls leads 

to a relatively large field inconsistency at lower frequencies, 

whereas the fields at higher frequencies tend to be confined in 

the vicinity of the ridge gap and more closely resemble the 

assumed TEM mode.  

To demonstrate the performance of the proposed waveguide 

coupled photomixer, the measured O-E frequency responses, in 

terms of bandwidth and power, are compared against the ones 

obtained with a commercially available photomixer.   Figure 12 

shows the measured O-E frequency responses for our home-

made transmitter module (3 m PD inside) and for the 

commercially available W-band photomixer1 (IOD-PMW-

13001) measured under the same test setup, as shown in Figure 

9, and the same output photocurrent of 8 mA.  We can clearly 

see that our home-made device has a broader fractional 
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bandwidth and can attain a higher output power than those of 

the commercial photomixer when the operating frequency is 

over 160 GHz. The measurement results reflect the trade-off 

between output power and fractional bandwidth in the design of 

waveguide-coupled photomixer.   

TABLE I. EXTRACTED GAIN OF DUAL RIDGE HORN ANTENNA AT 

DIFFERENT OPERATING FREQUENCIES 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. The measured O-E frequency responses for our wireless 

transmission channel (photonic transmitter with receiving antenna) design 
obtained using our home-made transmitter (black trace) and the commercial one 

(green trace). 

Figures 13 (a) and (b) show a comparison between the 

simulated and measured frequency responses of our transmitter 

module, with and without the dual ridge horn antenna, 

respectively.  For the case without the antenna, a power meter 

with an WR-10 input is employed to replace the dual ridge horn 

antenna for received power measurement. Again, the high 

power fluctuation at the higher frequencies for the case without 

the dual-ridge horn can be attributed to the afore-demonstrated 

overmoded operations. The disagreement between the 

simulated and measured results is addressed as follows. The 

relatively large discrepancy observed in both figures at the 

frequencies from 80 to 230 GHz is attributed to the surface 

leaky wave excited in the conductor-backed slotline-see Figure 

7 in [28]. In the measurement, the evanescent leaky wave is 

excited and leads to a higher power loss as well as a variation 

on the characteristic impedance. In contrast, surface wave of 

this sort is not observed in the simulation owing to the delta-

gap source (TEM mode excitation) [29] for modeling the photo-

generated source input in Fig. 1(b).  

 

 

 

 

 

 

 

 

 

 

 

Figure 13. The measured and simulated O-E frequency responses for our 
photonic transmitter module: (a) with; and (b) without the dual ridge horn 

antenna. 

 Figure 14 shows the power measured at the receiving end 

versus the output photocurrent on the transmitter side. The 

operating frequency is fixed at 0.24 THz. The red line is the 

ideal photo-generated THz power versus photocurrent for a 

100% optical modulation depth and a 50-load. The difference 

between the measured power and the ideal curve represents the 

summation of 4 dB loss from the non-ideal (~63 %) optical 

modulation depth in our hetero-dyne beating system [14], 

radiation loss, and waveguide coupling loss for our setup. We 

can clearly see that all three tested devices (Tx 1 to Tx 3) 

showed a close value of maximum detected power at around 

31.6 W with the same saturation current at around 10 mA. A 

higher receiving power can be expected by installing a Teflon 

based THz lens to focus the power emitted from transmitting 

antenna onto the receiving one to minimize the radiation loss 

[10-12].  Compared to the saturation current reported for a PD 

with the same active diameter but a different package [14], the 

measured saturation current here is smaller (10 vs. 13 mA).  As 

shown in Figure 1, this result can be attributed to fact that our 

active PD is flip-chip bonded onto a narrow AlN stripe for 

insertion into the WR-6 waveguide, which is suspended in air 

and has poorer heat sinking than that of a PD flip-chip bonded 

onto a large area (~1mm2) AlN carrier [14].     

 

 

 

 

 

 

 

 

 

 

Figure 14. The detected power at the receiving-end at 0.24 THz versus output 

photocurrent from our photonic transmitters. Tx 1 to Tx 3 represent the three 

different photonic transmitters with the same packaging, same active PD inside, 
and under the same test setup. 
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IV. CONCLUSION 

   In conclusion, we have demonstrated a novel waveguide-

coupled photonic transmitter.  By use of a dual ridge horn 

design for the antenna and a planar circuit for waveguide 

excitation, the higher-order mode in the WR-6 waveguide can 

be suppressed. This transmitter achieves an extremely wide 

fractional bandwidth of 100% (0.1 to 0.3 THz) with high 

detected power at the receiving-end (31.6 W) at 0.24 THz 

through wireless transmission.  
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