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Abstract—A CMOS digital-bits-in/-out Terahertz (THz)
nano-radio with 0.57mm? chip area is presented in this paper.
The THz operation and bidirectional transmitter/receiver
(TX/RX) architecture lead to radio ultra-miniaturization for
Internet-of-Things (IoT) and  field-deployable  sensor
applications. The bidirectional THz radio is configured as a
harmonic oscillator in the TX mode or as a super-harmonic
super-regenerative RX in the RX mode. The TX harmonic
oscillator is directly modulated by On-Off Keying (OOK) data
for bits-to-THz transmitting, while an on-chip time-to-digital
converter (TDC) with 25ps timing resolution measures RX
oscillation start-up time for direct THz-to-bits receiving. The
radio peak DC power is optimized based on link distance and
data rate. It supports maximum 4.4Mb/s OOK over 50cm at
49.3mW peak DC power and 1Mb/s OOK over 17cm at 18.7mW
peak DC power without using any Silicon lens.

Keywords—Dbidirectional, CMOS integrated circuits, Internet
of Things, on-chip antennas, radio transceivers, terahertz (THz).

I. INTRODUCTION

There is an increasing need for highly integrated radio
systems to address field-deployable and massively-producible
applications in future commercial markets, such as wireless
sensor networks, medical implants, and Internet-of-Things
(IoT) devices. These applications place stringent requirements
on the radio solutions which need to offer an ultra-compact
form-factor (<Imm?®), a low peak DC power consumption
(<50mW), a sufficient communication distance (>0.5m), and a
useful data rate (>1Mb/s). Many integrated radio systems,
however, cannot satisfy such demanding SWaP (Size-Weight-
and-Power) requirements. A major challenge lies in the
physical size of a radio that is often dominated by its antenna.
Conventional GHz low-power radios [1] or mm-wave radios
[2] require cm-/mm-sized antennas, limiting the radio
miniaturization. The continuous device scaling allows for THz
Silicon-based radios with drastic antenna size reduction and
sub-mm-sized form-factor [3]-[5]. However, most existing
THz radios consume a large DC power (Ppc) [3]-[5] and are
thus incompatible with field-deployable applications.

In order to bridge this unmet technology gap, a digital-bits-
in/-out CMOS THz nano-radio is proposed in this paper (Fig.
1). The antenna size at THz is substantially reduced to enable
ultra-miniaturized radios. A bidirectional transmitter/receiver
(TX/RX) circuit-sharing architecture configures the radio as a
harmonic oscillator in the TX mode or as a super-harmonic
super-regenerative receiver in the RX mode. The super-
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regenerative RX offers high sensitivity to compensate the THz
path loss. A THz on-chip antenna is shared by the TX/RX for
further radio size reduction. The TX is directly driven by On-
Off Keying (OOK) digital data, while an on-chip time-to-
digital converter (TDC) provides digitized RX outputs. The
proposed THz nano-radio is capable of bidirectional
communication of 1Mb/s OOK signal (BER<10"7) with a 50cm
communication distance at 26.4mW Ppc, and Ppc increases to
49.7mW to achieve a maximum data rate of 4.4Mb/s.

This paper is organized as follows. Section II presents the
design details of the proposed bidirectional THz nano-radio.
The measurement results are summarized in Section III.
Section IV concludes this paper with a comparison table.
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Fig. 1. A bidirectional lens-free digital-bits-in/-out CMOS THz nano-radio
with on-chip antenna for Internet-of-Things (IoT) applications.

II. BIDIRECIONAL THZ NANO-RADIO IMPLEMENTAITON

A. TX Mode

In the TX mode, two coupled oscillators at fo=160GHz
generate a 2" harmonic signal (2/;=320GHz) as the THz
output (Fig. 2). Cross-coupled transistors Ms—M provide
differential negative g for oscillation. The drain transmission
lines (T-lines) TL3;—TLs and the device parasitic capacitors
form the resonator tank at fy;=160GHz. The T-lines further
perform impedance matching to the on-chip slot antenna at 2f,
to maximize the output power (Poy), and the two in-phase 2f;
currents are power-combined on the antenna. Transistors My
and Mg are used as varactors for frequency tuning. The OOK
signal directly drives the tail current source M, for bits-to-THz
transmitting. The TX P,y can be backed-off by lowering the
tail bias current and reducing the TX Ppc for short link
distances. The TDC and the RX injection transistor M, are
turned off in the TX mode.
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Fig. 3. 3D EM-simulated surface current distribution (Jy.f) of the on-chip
two-feed slot antenna at 320GHz.

An on-chip antenna is integrated to achieve THz radiation
and receiving. It is shared between the TX and RX mode radio
operations for area saving. A two-feed slot antenna [6] is
implemented, which consists of a V'pp plane and a GND plane
(Fig. 3). The Vpp plane is DC-connected to the drain nodes of
the cross-coupled M3—Ms for supply feeding. Sufficient bypass
capacitors are needed to decouple the Vpp plane from the GND
plane. However, on-chip MOM capacitors exhibit poor quality
factor (Q) at THz range, leading to severe signal loss of the
THz radiation signal and radiation efficiency degradation,
especially at low antenna driving impedance (~11€Q in this
design). To minimize the loss from the bypass capacitors, the
slot antenna is designed with a total length around A, so that it
presents two current nulls on the antenna. The 3D EM-
simulated current distribution of the two-feed slot antenna at
320GHz is shown in Fig. 3. The V'pp plane and the GND plane
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are then separated and bypassed at these two antenna current
nulls using MOM capacitors, ensuring minimal signal loss.

B. RX Mode

In the RX mode, the radio is reconfigured as a super-
harmonic super-regenerative RX to detect the incoming OOK-
modulated THz signal at 2f; (Fig. 2). Once a 2f) input signal is
received by the on-chip antenna, M; injects a 2fy current into
the resonator tank and creates a small asymmetry to perturb the
fundamental oscillation start-up at fo. Thus, the received OOK
signal leads to different RX oscillation start-up time (Fig. 2).
Transistors M; and Mg are reconfigured as an envelope
detector (ED) whose output triggers the TDC. By periodically
quench the tail current source M, with 4x oversampling, OOK
demodulation is realized by the digitized oscillation start-up
time from the TDC, achieving direct THz-to-bits receiving.
This super-harmonic super-regenerative RX substantially
improves the RX sensitivity over non-coherent THz power-
detector RX, and it exhibits competitive sensitivity but at
significantly lower Ppc compared with coherent down-
conversion RX beyond transistor fmax.

A fine TDC timing resolution and a large detectable timing
range are needed to resolve the RX oscillation start-up time.
The TDC comprises a sampler as a coarse TDC and a fine
TDC with a 2D Vernier structure [7] (Fig. 4). The coarse TDC
resolution is 500ps, while the fine TDC comprises two slightly
differed delay lines and a 2D comparator array, covering 725ps
range at a resolution of 25ps. Once the RX quench signal turns
on the THz oscillator, its start-up time is first sampled by the



coarse TDC until the ED output triggers the fine TDC whose
output resolves the coarse TDC residue (Fig. 4). The RX
oscillation start-up time is thus the output difference of the
coarse and fine TDCs. The TDC only consumes 0.7mW
including CLK buffers. At low data rate, the duty cycle of the
quench signal is reduced to save RX Ppc.
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Fig. 4. Circuit schematic of the TDC, and the TDC timing diagram.

III. MEASUREMENT RESULTS

The bidirectional THz nano-radio is implemented in a
45nm CMOS SOI process with a high-resistivity substrate
(Fig. 5). The miniaturized THz TRX only occupies
0.95%0.6mm? including all the pads. The CMOS chip is wire-
bonded to a PCB to facilitate the testing.

wwog

Fig. 5. Chip microphtograph of the bidirectional THz nano-radio.

The TX mode of the THz nano-radio is characterized first.
Figure 6 shows the measurement setup together with the
measured frequency tuning, EIRP versus Ppc, and calculated
DC-to-EIRP efficiency. Three TX chips are measured, and the
maximum frequency difference is only 1.2GHz, verifying the

design robustness. The nano-radio frequency is tunable from
316 to 321GHz. The measured TX peak EIRP is -11.6dBm
with a peak 0.19% DC-to-EIRP efficiency at 36.3mW TX Ppc.
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Fig. 6. Continuous-wave (CW) measurement setup in the TX mode,
measured TX frequency tuning ranges for three independent samples,
measured TX EIRP vs. DC power consumption (Ppc), and calculated DC-to-
EIRP efficiency.
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Fig. 7. THz nano-radio communication link CW characterization, including
measured RX oscillation start-up time vs. TX/RX communication distance at
different TX Ppc, and typical RX start-up timing histograms at 36.3mW TX
Ppc with 50 measurement results collected for each communication distance.

Next, two THz nano-radio chips are used as TX/RX to
establish and characterize the THz wireless link.

In the continuous-wave (CW) link measurements, the RX
oscillation start-up time is measured against the TX/RX
communication distance and TX EIRP set by TX Ppc (Fig. 7).
At each TX/RX distance and TX power setting, 50
measurements are collected to compute the mean and standard
deviation of the RX oscillation start-up time. When the TX is
off, the RX oscillation start-up time is measured as



43.1£1.07ns. For a given TX Ppc, the RX oscillation start-up
time increases for larger TX/RX distances due to the reduced
receiving THz power. For a fixed TX/RX distance, the RX
oscillation start-up time increases when TX power is reduced.
The maximum CW communication distance is S55cm at
36.3mW TX Ppc. The RX sensitivity is extracted as -89dBm
using the measured TX EIRP and the path loss. Typical RX
start-up timing histograms are shown in Fig. 7.

Finally, OOK communication is established between the
two THz nano-radio chips. The measured data rate, TX/RX
distance, and TRX total Ppc are shown in Fig. 8. The
maximum data rate of 4.4Mb/s (BER<107) over 50cm
maximum TX/RX distance is supported at a peak 49.3mW
TRX Ppc. The total TRX Ppc can be optimized based on the
actual link distance and data rate (Fig. 8). This is achieved by
lowering the TX P,y for closer communication distances and
reducing the RX quench signal duty cycle at lower data rates.
For example, the TRX only consumes 18.7mW Ppc to
maintain 1Mb/s OOK over 17cm. The BER and minimum RX
Ppc versus data rate over 50cm as well as BER versus distance
at different TX Ppc for 4Mb/s OOK are also shown in Fig. 8.
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Fig. 8. THz nano-radio communication link using OOK modulations. The
results are summarized as measured TRX peak Ppc versus different TX/RX
communication distances and OOK data rates at BER<1077.

IV. CONCLUSIONS

A CMOS THz nano-radio is proposed and demonstrated in
this paper that achieves drastic radio miniaturization for IoT
and field-deployable sensor applications. The bidirectional
circuit sharing architecture configures the THz nano-radio as
an OOK-modulated harmonic oscillator in the TX mode or as a
super-harmonic  super-regenerative RX that offers high
sensitivity at significantly reduced DC power than coherent
down-conversion RX. A TDC is integrated on-chip to directly
achieve digitalized outputs in the RX mode with only 0.7mW
Ppc, minimizing any post analog signal processing.

Compared with the reported Silicon-based 300GHz TRXSs,
this bidirectional THz nano-radio achieves the lowest Ppc
(49.7mW) and the longest communication distance (50cm)
without any Silicon lens (TABLE I). It also achieves the
highest radio miniaturization (>7.8x radio size reduction),
competitive data rate (maximum 4.4Mb/s with BER<107), and
Ppc compared with GHz/mm-wave low-power radios (TABLE
I). The reported power consumption is the peak Ppc during the
radio operation. Heavily duty-cycled operations, typical for
sensor nodes and IoT devices, will substantially reduce the
THz nano-radio averaged Ppc down to pW level.

TABLEI
COMPARISON WITH STATE-OF-THE-ART THZ TRANCEIVERS
AND GHZ/MM-WAVE LOW-POWER RADIOS

This Work [3] [4] [5] [1] [2]
0.112 (TX), 60 (TX),
F GH. 320 380 240 210
requency (GHz) 005 (RX) | 24(RX)
. > 0.57 4.18 1.70 (TX) 3.5 (TX) 2.22 (TRX) 4.44
Radio Size (mm®)
(TRX) (TRX) 1.57 (RX) 1.12 (RX) | 8 (Antenna) (TRX)
21.9 N/A (Near-
TX EIRP (dB - - 51 -
(dBm) 116 13 (Si Lens) Field Radio) 6.5
RX Sensitivity (dBm) -89 40" 60" 64" -54 at 100kps -10.5
.. * 1033 (TX 240 (TX X
Peak DC Power (mW) 18.2 (TX) 364 (TRX) (TX) (X) 136 (TX) N/A
31.1 (RX)* 886 (RX) 68 (RX) 0.036 (RX)
Max. Communication 50 (TX)
15 35
Distance (cm) 50 0 20 (RX) 0
Data Rate, 4.4Mb/s Chir 2.73Gb/s ow 2kb/s OOK, [12Mb/s M-
Modulation Type, BER | OOK, 107 P | apsk, 10° 10° PPM, 10°
Technology 45nm CMOS| 130nm | 130, 1 gige | 320M CMOS | 1g00m cuvos | 650
Sol SiGe Sol CMOS

* TX peak Ppc assumes 50% duty-cycle OOK. RX peak Ppc includes the on-chip TDC DC power of 0.7mW.
" Defined as Sensitivity = -174dBm/Hz + 10logBW + NF with BW = 8GHz. In this work, a 50% change in
the RX oscillation start-up time difference from 316 to 324GHz is mesaured to define the RX RF BW [8].
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