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Note 1. Coupling between RTD and WR-5 waveguide. 28 

To investigate the mechanism of TFC extracted from the RTD oscillator coupled into the WR-5 29 

waveguide, we performed a three-dimensional (3D) electromagnetic simulation. In the simulation, 30 

we placed a wave port at the end of the waveguide and replaced the RTD with a lumped port, as 31 

shown in Fig. S1a-b. Fig. S1c showed the calculated transmission coefficient S21 and the coupling 32 

efficiency. The coupling efficiency is defined as  33 

 =
|𝑆ଶଵ|ଶ

1 − |𝑆ଵଵ|ଶ
(1) 34 

, which represents the power extracted from the RTD oscillator and coupled into the waveguide. 35 

The simulation indicates a coupling efficiency of approximately 40% near 0.18 THz, resulting 36 

from relative effective impedance matching between the RTD oscillator and the waveguide. 37 

Conversely, a significant impedance mismatch occurs around 0.19 THz, leading to poor coupling. 38 

This is the primary reason for the degradation of the measured TFC power at frequencies above 39 

0.19 THz. Fig. S1d-f and Fig. S1g-i illustrate the simulated electric field (E-field) distributions in 40 

the x-z, x-y, and y-z planes for the RTD oscillator inside the waveguide (Fig. S1d-f) and the RTD 41 

oscillator itself (Fig. S1g-i), respectively. The intense E-field generated by the RTD oscillator 42 

couples into the waveguide primarily through the long part of the slot resonator. The E-field leaked 43 

from the short part of the slot resonator propagates to the left-hand end of the waveguide, located 44 

0.8 mm from the RTD chip. This waveguide end functions as a metal reflector, causing the 45 
reflected wave to travel back in the right-hand direction. The reflected wave also travels in the 46 

right-hand direction. The presence of a traveling wave propagating along the waveguide confirms 47 

the effective extraction of the TFC power from the RTD oscillator to the waveguide. A magnified 48 

view of the E-field in the vicinity of the RTD oscillator reveals a strong field concentration, 49 

indicating the resonant behavior of the slot and split-ring resonators. 50 



 

 51 

Fig. S1 | Electromagnetic simulations of the RTD in a metallic waveguide. a, Configuration of 52 

the wave port at the waveguide output. b, Lumped port assignment representing the RTD element. 53 

c, Calculated coupling efficiency and transmission coefficient S21. d-e, Simulated electric field 54 

distributions in the x-z and x-y planes, respectively, illustrate the extraction of the electromagnetic 55 

wave from the RTD chip into the waveguide. f, Simulated electric field distribution in the y-z plane 56 

showing one of the wave crests inside the waveguide. g-i, Magnified electric field distributions in 57 

the x-z, x-y, and y-z planes of the RTD oscillator itself, respectively, indicate strong resonance and 58 

field confinement within the slot and split-ring resonators.59 



 

Note 2. Packaging  60 

The WR-5 waveguide package was fabricated by Computer Numerical Control (CNC) milling in 61 

two parts. As shown in Fig. 2b, the RTD chip is mounted inside the upper half of the package. The 62 

magnified microscope picture showing the details of the RTD chip packaged to the waveguide is 63 

shown in Fig. S2. A 1.85-mm RF coaxial connector is inserted through a hole positioned near the 64 

chip location, appearing as the inner conductor of the connector in Fig. S2. After fixing the 65 
connector with two screws, it shares a common ground with the waveguide package. 66 

The RTD chip was polished from 600 to 100 μm and diced into 300900 μm dies. To mount 67 

the RTD, a small amount of wax was first dipped into the mounting hole. After cooling, the RTD 68 

chip was placed on the wax using tweezers. The wax was then reheated and cooled again to firmly 69 

attach the chip to the package. Wire bonding was carried out to connect the inner conductor of the 70 

connector to the RTD. A second bonding wire was taken directly from the waveguide package to 71 

the RTD. Since the package and connector share the same ground, this configuration allows both 72 
DC biasing and RF signal injection through the connector. 73 

 74 

Fig. S2 | Detailed RTD packaging method. The RTD chip is fixed within the WR-5 waveguide 75 

using wax. The inner conductor of a 1.85 mm coaxial connector is inserted through a cylindrical 76 

hole and positioned in close proximity to the RTD chip. We connected two bonding wires to the 77 

RTD chip. The right wire is connected to the inner conductor of the coaxial connector to establish 78 

the signal path. The left wire is directly connected to the package, serving as the signal ground. 79 



 

Note 3. Fabrication process. 80 

Figure S3 depicts the detailed geometrical parameters of the RTD oscillator and the epitaxial layer 81 

structure of the RTD wafer. The short slot, long slot, and perimeter of the split ring are 60, 100, 82 

and 60 μm, respectively. The split ring enhances the concentration of the electric field within the 83 

slot resonator, thereby reducing losses1. The incorporation of the Al element into the InGaAs layer, 84 

grown on the n+InP layer, results in a reduction of the conduction band energy level on the emitter 85 
side of the RTD2. This design allows the device to enter the negative differential conductance 86 

(NDC) region at a low bias voltage. The 10 nm n+-InP layer serves as an etch stop layer3 during 87 

the wet etching process for the subsequent fabrication steps. Figure S4 describes the fabrication 88 

process of the RTD device. A double-layer resist consisting of LOR-2A and PMGI was coated, 89 

and photolithography was employed to define the electrode pattern. After depositing Ti/Pd/Au 90 

with a thickness of 20/20/200 nm, we performed the lift-off process to form the electrode. The 91 

Ti/Pd/Au provides good ohmic contact with n+-InGaAs. For the subsequent etching step, we used 92 

AZ9260 as the dry etching mask. We applied a gas mixture of BCl3:Cl2:Ar = 15:5:8 for the ICP-93 

RIE process to remove the n+-InGaAs inside the slot and outside the DC pads. The shunt resistors 94 

were thereby formed, and different RTD elements were isolated. RZJ304-10 was then employed 95 

as a protection mask for the wet-etching process used to form the air bridge. Due to the isotropic 96 

etching with etchant (H3PO4:H2O2:H2O = 1:1:80), the n+-InGaAs beneath the air bridge was 97 

removed laterally, resulting in the formation of the suspended air bridge. After removing the 98 

RZJ304-10 protection mask, a final wet-etching step was carried out to remove the semiconductor 99 
material near the RTD electrodes, thereby forming the target RTD mesa. 100 

 101 

Fig. S3 | Detailed RTD resonator structure. a, RTD oscillator composed of an active region and 102 

a resonator. The short slot, long slot, and perimeter of the split ring are 60, 100, and 60 μm, 103 

respectively. b, RTD active region in the vertical direction. c, Detailed epitaxy layer of RTD. 104 



 

 105 

Fig. S4 | Detailed fabrication process. a, Cross-section of air bridge. b, LOR-2A and PMGI 106 

double layer lithography, and deposition of Ti/Pd/Au = 20/20/200 nm. c, AZ9260 as a resist mask 107 

for ICP-RIE. d, Gas mixture of BCl3:Cl2:Ar = 15:5:8 for semiconductor dry etching. e, RZJ304 is 108 

a resist mask for wet etching. f, An air bridge is formed using a wet etching process with an etchant 109 

(H3PO4:H2O2:H2O = 1:1:80). Due to the isotropic direction of this chemical etch, the material 110 

layers beneath the metal are removed. This undercutting action results in the formation of the 111 

desired air bridge structure. g, Removal of RZJ304. h, Extra wet etching. i, Cross-section of RTD 112 
mesa and shunt resistors. j, LOR-2A and PMGI double-layer lithography, and deposition of 113 

Ti/Pd/Au = 20/20/200 nm. k, AZ9260 is a resist mask for ICP-RIE. l, Gas mixture of BCl3:Cl2:Ar 114 

= 15:5:8 for semiconductor dry etching. The shape of the shunt resistors was formed. m, RZJ304 115 

as a resist mask for wet etching. n, The RTD part and the shunt resistors were protected from over-116 

etching. o, Removal of RZJ304. p, An additional wet etching step is performed to fabricate the 117 

RTD mesa and the shunt resistors. The duration of this etch is precisely controlled to define the 118 

RTD mesa and achieve the target area. The etching process selectively stops at the n+InP layer, 119 

which serves as an etch-stop and enables the formation of the shunt resistors.120 



 

Note 4. Circuit simulation.  121 

We modeled the RTD oscillator under TFC conditions using the equivalent circuit shown in Fig. 122 

S5a. TFC generation requires strong RF injection, which we represent as an RF source with a 50 123 

Ω source impedance. The source is in parallel with RTD, and its power is represented as PRF. The 124 

oscillator circuit includes the RTD in parallel with its resonator load, a simplified model derived 125 

from the structure in Fig. 2c, radiation resistance Rrad, and resonators’ parasitic capacitance Cp. The 126 
equivalent resonator resistance Rload, resonator inductance Lload, Rrad, and Cp are approximately 127 

12.7 , 31.4 pH, 460 , and 5.8 fF, respectively. The RTD area SRTD is 2.7 μm2. We modeled the 128 

RTD with a linear capacitance CRTD = SRTD11 fF/μm2, and a nonlinear voltage-dependent 129 

conductance GRTD(V) = IRTD(V)/V. To extract the RTD current IRTD(V), we performed DC 130 

measurements of RTD. In the DC measurement setup (Fig. S5b), parasitic components, including 131 

a shunt resistor (Rshunt ≈ 9 ) and series resistance (Rseries ≈ 15 ) from the bias tee, obscure the 132 
intrinsic RTD characteristics. Consequently, the measured NDC region shifted to ~1.9–2.6 V (Fig. 133 

S5d, blue line). To extract the I-V characteristics required for the high-frequency simulation in Fig. 134 

S5a, we fabricated and measured a separate RTD device lacking the Rshunt and Rseries. The test setup 135 

in Fig. S5c minimizes parasitic resistances and provides a relatively accurate intrinsic I-V curve, 136 

as shown in Fig. S5d (red line), revealing the NDC region between ~0.6 V and 1.1 V. The nonlinear 137 

current IRTD(V) used in the model was subsequently derived as4,5: 138 

𝐼ோ்஽(𝑉) =  𝑆ோ்஽൫𝐶ଵ𝑉{tanିଵ 𝐶ଶ(𝑉 − 𝑉ଵ) − tanିଵ 𝐶ଶ(𝑉 − 𝑉ଶ)} + 𝐶ଷ𝑉௜൯ ൫2൯ 139 

The parameters of Equation 2 are shown in Table S1. We simulated the TFC circuit using the 140 
harmonic balance method with fRF = 0.918 GHz, PRF = 10 dBm, and 0.7 V bias. Taking the voltage 141 

across Rrad as the output, we observed the TFC generation and the corresponding spectrum as 142 

presented in Fig. 2h. 143 

 144 

Fig. S5 | Circuit diagram in simulation and I-V characteristics. a, Equivalent circuit diagram 145 

of the RTD model used for simulation. RTD is connected in parallel with an RF source having an 146 

internal resistance of 50 , a resonator load, parasitic capacitance, and radiation resistance. b, DC 147 
circuit diagram of RTD with shunt resistors and series resistors from the bias tee. c, DC circuit 148 



 

diagram of RTD without a shunt resistor and series resistors from the bias tee. d, Comparison of 149 
measured RTD I-V curve with and without shunt resistors and series resistor 150 

 151 

Function Parameter Value Unit 

𝐼ோ்஽(𝑉) 𝑆ோ்஽ 2.7 𝜇𝑚2 

 𝐶1 0.03 𝐴 ∙ 𝑉ି1 ∙ 𝜇𝑚ି2 

 𝐶2 5.5 𝑉ି1 

 𝑉1 0.62 𝑉 

 𝑉2 0.24 𝑉 

 𝐶3 0.0015 𝐴 ∙ 𝑉ି௜ ∙ 𝜇𝑚ି2 

 𝑖 5.4 − 

Table S1 | Parameters of IRTD(V)152 



 

Note 5. Output power measurement.  153 

To characterize the output power of the RTD oscillator, we connected the module to an Erickson 154 

PM5 power meter through a WR-5 waveguide, as shown in Fig. S6. In its free-running state at 155 

0.188 THz, the module was −12 dBm. A THz LNA then amplified this signal to 1.3 dBm. To 156 

induce TFC operation, we injected a 20 GHz, 13 dBm RF signal. The module's output power was 157 

−19.1 dBm, and it was amplified by the THz LNA to −2.5 dBm. 158 

 159 

Fig. S6 | Output power measurement. a, Power measurement of free-running RTD. b, Power 160 

measurement of free-running RTD with THz LNA. c, Power measurement of RTD TFC under 20 161 
GHz 13 dBm injection. d, Power measurement of RTD TFC under 20 GHz 13 dBm injection with 162 

THz LNA. 163 



 

 164 

Fig. S7 | Measured spectra of TFC with different RF frequencies and fixed RF injection 165 
power of 18 dBm. a, fRF = 0.918 GHz, b, fRF = 2 GHz, c, fRF = 3 GHz, and d, fRF = 4 GHz. The 166 

measurements were performed using two different frequency extenders (WR-5 & WR-3 167 

waveguide types) to cover the spectral ranges of 0.14–0.22 THz and 0.22–0.325 THz. Notably, 168 

comb modes are observed at frequencies exceeding 0.3 THz, which is significantly higher than the 169 

fundamental frequency of the RTD oscillator. This result highlights the potential for generating 170 

TFCs at frequencies far beyond the device's fundamental mode. Furthermore, the ability to 171 

generate a stable TFC at different repetition frequencies demonstrates that the comb is widely 172 

tunable through the active mode-locking mechanism. 173 



 

 174 

Fig. S8 | Phase noise measurement. a, Schematic of the TFC Phase noise measurement setup. 175 

The beat note, namely fRF, is detected at SBD and transmitted to the phase noise analyzer. b, 176 

Measured phase noise dependence on fRF at 1 Hz, 100 Hz, and 1 kHz, respectively. 177 



 

Note 6. Sweeping bias voltage and fRF.  178 

To determine the conditions required for active mode-locking under RF injection, the RTD bias 179 

voltage and the injected RF power were systematically varied. The bias voltage was swept from 180 

1.3 to 2.7 V, a range that encompasses the device's NDC region, which spans ~1.9–2.7 V. To 181 

prevent device breakdown, measurements were not conducted beyond this upper voltage limit. 182 

The device's operation can be roughly classified into free-running, modulation, unstable free-183 
running, unstable comb, and comb states. These states are labeled in Fig. S9b when fRF is 20 GHz. 184 

We neglect the free-running state because it does not exist when an RF signal is injected. We also 185 

neglect the unstable comb state because it is a transition state that only exists within the change of 186 

~1–2 dBm. To visualize these operational regimes, the spectral power at 0.14, 0.16, 0.18, 0.2, and 187 

0.22 THz was summed, with the total power plotted in Fig. S9a. A low summed power is 188 

characteristic of the unstable free-running state, where modulation and comb states coexist (blue 189 

and cyan areas). A high summed power indicates stable comb generation (red and orange areas). 190 

Notably, comb states were observed at bias voltages far below the beginning of the NDC region. 191 

This is attributed to the large-signal RF injection, which induces a voltage swing sufficient to drive 192 

the RTD instantaneously into the NDC region. Furthermore, the strong power observed at the 193 

beginning of the NDC region is likely due to the pronounced nonlinearity of the device at that bias 194 

point. 195 

 196 

Fig. S9 | Phase diagram of the measured comb power as a function of RF injection power 197 

and bias voltage. a, Total comb power at 0.14, 0.16, 0.18, 0.20, and 0.22 THz when fRF = 20 GHz. 198 

b, Different operation conditions with different RF power. 199 



 

 200 

Fig. S10 | Transmitted signal spectrum in wireless communication. a, Single channel with 32-201 

QAM 24 Gbaud communication when fRF = 49.5 and f5 = 0.198 THz. b, Three-channel with 16-202 

QAM 4 Gbaud communication when fRF = 17.7 GHz and f9 = 0.159, f10 = 0.177, and f11 = 0.195 203 

THz. 204 



 

Note 7. Digital signal processing.  205 

The single-carrier (SC) modulation is implemented in our experimental systems, which is 206 

considered a spectral- and energy-efficient technology for THz wireless communications. The 207 

main offline DSP flows are shown in Fig. S11. At the Tx DSP module, SC-16QAM/32QAM 208 

signals are generated with randomly chosen symbol sequences of length 216 and up-sampled at 2 209 

samples per symbol. Subsequently, a raised-cosine (RC) filter with a roll-off factor of 0.1 is 210 

implemented for the pulse shaping. These shaping signals, after undergoing digital up-conversion 211 

(DUC) and resampling, are used to drive the mixer. At the Rx DSP module, received signals are 212 

initially processed by digital down-conversion (DDC) to obtain baseband signals and then passed 213 

through a low-pass filter to eliminate out-of-band noise. Following this, a series of advanced DSP 214 

modules, including timing phase recovery, linear/nonlinear channel equalization, and noise 215 
cancellation, are implemented to enhance the system performance. The details of the above 216 

algorithms are as follows:  217 

The timing phase recovery based on Godard timing error detection (TED)7 is applied to 218 

mitigate sampling frequency/phase errors, which is a popular frequency domain TED algorithm 219 

widely used in SC communication systems. The principle of Godard TED can be expressed as 220 

𝜏(𝑘) =

𝑎𝑛𝑔𝑙𝑒 ൭∑ 𝑆
(௞ିଵ)ேା

ே
ଶ

௡ୀ(௞ିଵ)ேାଵ
(𝑛)𝑆∗ ቀ𝑛 +

𝑁
2 ቁ൱

2𝜋𝑓௦
൫3൯

 221 

where 𝜏 represents the timing error, 𝑘 represents the block index, 𝑁 represents the length of 222 

the fast Fourier transform (FFT) block, 𝑆 represents the FFT of the input signals, 𝑓௦ represents 223 

the sample rate, and 𝑎𝑛𝑔𝑙𝑒 represents the operation of measuring an angle.  224 

The linear channel equalization based on a T/2-spaced radius-direction equalizer (RDE)8 is 225 

implemented to mitigate inter-symbol interference (ISI), which typically results from multipath 226 
propagation, non-flat channel frequency responses, and standing wave effects. RDE is a kind of 227 

adaptive filtering algorithm with the mean square error of power as the cost function. The 228 

advantage of RDE is insensitive to carrier frequency and phase errors, which is conducive to 229 

modular programming. The implementation processes of the algorithm are as follows 230 

𝑠௢௨௧(𝑛) = 𝒘H𝒔𝒊𝒏(𝑛) ൫4൯ 231 

𝒘൫𝑛 + 1൯ = 𝒘(𝑛) + 𝜇𝑒(𝑛)𝑠௢௨௧
∗ (𝑛)𝒔𝒊𝒏(𝑛) ൫5൯ 232 

𝑒(𝑛) = |𝑠̂௢௨௧(𝑛)|2 − |𝑠௢௨௧(𝑛)|2 ൫6൯ 233 

where 𝑠௢௨௧ and 𝑠̂௢௨௧ represent the output signal and the related ideal symbol, 𝒔𝒊𝒏 represents the 234 

input signal vector of 1 × N, 𝒘 represents the tap vector of 1 × N, 𝜇 represents the step of 235 

update, 𝑒  represents the error function, the superscript ‘∗’ and ‘H’ represent conjugate and 236 

conjugate transpose operation. Notably, N is set to 151 in this paper, which is sufficiently long to 237 

eliminate most of the ISIs. 238 

The nonlinear channel equalization based on T-spaced 2 × 2 Volterra equalizer (VE)9 is 239 

used to compensate nonlinear distortion, phase noises and residual ISIs. The classic adaptive 240 

Volterra equalization algorithm is combined with multiple input multiple output (MIMO) 241 



 

architecture to deal with the nonlinear effects of inter- and intra in-phase/quadrature (IQ) channel. 242 

The core equation of 2 × 2 VE is as follows 243 

𝑠௢௨௧,ூ(𝑛) = ෍ ෍ … ෍ 𝑤ூூ ቀ𝑞1, . . , 𝑞௞ቁ

ே

௤ೖୀ0

ே

௤1ୀ0

ෑ 𝑠௜௡,ூ(𝑛 − 𝑞௠)

௞

௠ୀ1

௄

௞ୀ1

+ ෍ ෍ … ෍ 𝑤ொூ ቀ𝑞1, . . , 𝑞௞ቁ

ே

௤ೖୀ0

ே

௤1ୀ0

ෑ 𝑠௜௡,ொ(𝑛 − 𝑞௠)

௞

௠ୀ1

௄

௞ୀ1

൫7൯

 244 

𝑠௢௨௧,ொ(𝑛) = ෍ ෍ … ෍ 𝑤ூொ ቀ𝑞1, . . , 𝑞௞ቁ

ே

௤ೖୀ0

ே

௤
1

ୀ0

ෑ 𝑠௜௡,ூ(𝑛 − 𝑞௠)

௞

௠ୀ1

௄

௞ୀ1

+ ෍ ෍ … ෍ 𝑤ொொ ቀ𝑞1, . . , 𝑞௞ቁ

ே

௤ೖୀ0

ே

௤
1

ୀ0

ෑ 𝑠௜௡,ொ(𝑛 − 𝑞௠)

௞

௠ୀ1

௄

௞ୀ1

൫8൯

 245 

where 𝐾  represents the nonlinear order, 𝑁  represents the memory length, 𝑤ூூ/ொூ/ூொ/ொொ 246 

represents the tap of MIMO filter, the subscript ‘I’ and ‘Q’ represent I and Q parts of the received 247 

complex signals. In this paper, a 2 × 2 third-order Volterra equalizer with a memory length of 6 248 

is applied. Such a short filtering scheme aims to strike a balance between complexity and 249 

performance. 250 

Noise cancellation (NC) based on error autocorrelation calculation10 is implemented to 251 

mitigate the amplified colored noise caused by frequency-selective fading. Both pre- and post-252 

cursor noise correlations are considered in the proposed scheme, and the related principle is as 253 

follows. 254 

𝑠௢௨௧(𝑛) = 𝑠௜௡(𝑛) − ෍ 𝑐௞𝑒(𝑛 − 𝑘)

ே

2

௞ୀି
ே

2
,   ௞ஷ0

൫8൯ 255 

𝑐௞ =
∑ 𝑒(𝑚)𝑒∗(𝑚 + 𝑘)ெି௞

௠ୀ1

𝑀 − 𝑘
, 𝑐ି௞ = 𝑐௞

∗ ൫9൯ 256 

𝑒(𝑛) =  𝑠̂௜௡(𝑛) − 𝑠௜௡(𝑛) ൫10൯ 257 

where 𝑁 is the half-length of NC filter, 𝑐௞ represents the error autocorrelation parameter, 𝑀 258 

represents the symbol length used to calculate autocorrelation. 𝑁 is set to 15 in this paper. 259 



 

 260 
Fig. S11 | DSP flow of Tx and Rx in wireless communication261 



 

Technology  
type 

Integration 
Pump 
type 

Operation  
temperature 

Comb 
span 
(THz) 

Repetition rate 
(GHz) 

Phase 
noise 
@100 Hz 
(dBc/Hz) 

Linewidth 
(Hz) 

Reference 

RTD Yes RF 
Room 
temperature 
(R.T.) 

0.14-0.325 0.9-49.5 -100 1 This work 

RTD 

No  
(Quasi-
optical 
external 
cavity) 

No input R.T. 
0.293-
0.303 

1 N/A 1 4 

DFG-QCL Yes No input R.T. 2.2-3.3 157 N/A N/A 11 
QCL Yes RF 20 K 2.45-2.55 13.3 N/A N/A 12 
QCL Yes No input < 55 K 1.64-3.35 N/A N/A 980 13 

QCL Yes No input 50 K 
3.25-3.5, 
3.65-3.85 

6.8 N/A 1530 14 

CMOS Yes RF R.T. 0.22-0.32 10 -50 N/A 15 
CMOS 
&PIN-Diode 

Yes 
Digital 
pulse 

R.T. 0.03-1.1 15 -50 1 16 

Table S2 | Summary of the key metrics of TFC performances.262 
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