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Abstract. This work presents two 340-GHz signal source designs with on-chip antennas for terahertz (THz)
imaging applications. The first signal source (1% SS) adopts a triple-push oscillator topology to generate a
single-ended THz signal which is radiated out by a proposed on-chip high-gain bondwire antenna with
simulated antenna gain as high as 2.9 dBi at 340 GHz. The second signal source (2" SS) is realized by a
proposed triple-push oscillator topology which can provide differential output without any additional balun
required. The differential output is radiated to the air by an on-chip differential patch antenna with simulated
antenna gain of -3.9 dBi at 340 GHz. These two signal sources are implemented in 40-nm digital CMOS
technology. The measured output frequency and the equivalent isotropically radiated power of the 1% SS and
2" SS are 346 GHz and 336 GHz, and -17.1 dBm and -16.8 dBm, while only consuming 58.3 mW and 44.6
mW from a 1.1 V supply, respectively.
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1. Introduction

Terahertz (THz) science and technology have attracted great attention in recent years because of many
powerful applications [1-4]. THz imaging is especially appealing since it can be utilized to implement many
useful sensors for non-invasive biomedical imaging, defect detection in semiconductors, dosage analysis of
tablets in pharmaceutical industry, stand-off detection of hidden explosives and weapons, etc. Moreover,
THz wave is very safe technology as compared to the X-ray due to its non-ionizing nature. Many THz
products based on optical technology can be seen on the market [5-7]. However, these optical products are
usually bulky and high-cost. Using an electronic approach, especially using integrated circuits and systems in
CMOS technologies, is a good choice to solve the aforementioned drawbacks of the optical one. CMOS
technologies can provide high integration of analog and digital circuits, small form factor for integrating THz
systems on portable devices, and high yield for mass production. Among THz imaging sub-systems, a THz
signal source is critical since it determines the maximum distance a THz imaging system can operate as the
system sensitivity is given.

A satisfactory THz signal source needs to provide sufficient output power, usually characterized by
equivalent isotropically radiated power (EIRP) that is defined as the product of the antenna gain Gt and the
output power from a signal source Pr. Since Pt is usually limited using CMOS technology because of
limited transistor speed, lossy silicon substrate, etc, the antenna needs to provide high gain in order to
achieve acceptable EIRP. However, on-chip antennas usually exhibit low gain due to lossy silicon substrate,
short distance between the top metal layer to the bottom ground layer, and unavoidable metal dummies for
passing design-rule checks. Therefore, the realized EIRP using CMOS technology is quite low. Combining
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many signal sources indeed raises the EIRP. Nevertheless, the power consumption also increases
dramatically, which is not suitable for portable applications.
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Fig. 1. Trlple push oscillator designs with (a) single-ended output and (b) differential output.
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Fig. 2. Proposed on-chip antennas. (a) Bondwire antenna. (b) Differential patch antenna.

In this work, two THz signal sources are proposed with integrated on-chip antennas. The first signal
source (1% SS) adopts a triple-push oscillator topology to generate a THz signal with single-ended output
which is radiated out by a proposed bondwire antenna. The bondwire antenna can provide simulated antenna
gain of 2.9 dBi at 340 GHz, which is much higher than a conventional on-chip patch antenna. The second
source (2" SS) adopts a proposed triple-push oscillator which can provide differential output without any
additional lossy balun required. Hence the output power from the signal source can be effectively increased.
The differential output is radiated by a differential patch antenna which is composed a 1x2 patch antenna
array deployed in a differentially-excited manner. The differential antenna can provide -3.9 dBi antenna gain
at 340 GHz, which is around 3 dB, as expected, higher than that of a single patch. These signal sources are
realized in 40-nm digital CMOS technology. The measured output frequency and the EIRP of the 1 SS and
the 2" SS are 346 GHz and 336 GHz, and -17.1 dBm and -16.8 dBm, while dissipating only 58.3 mW and
44.6 mW from a 1.1 V supply, respectively. Theses signal sources are very suitable for realizing a low-cost
THz imaging system for biomedical and security applications. The following sections will go through the
design detail of the proposed signal sources.
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Fig. 3. Chip photos of (a) the 1% SS with the proposed on-chip bondwire antenna and (b) the 2™ SS with the proposed
differential patch antenna.

2. 340-GHz Signal Source Designs with On-Chip Antennas

2.1. Triple-push oscillator design

Fig. 1 shows the proposed two triple-push oscillator designs. As illustrated in Fig. 1(a), the first signal
source adopts a conventional triple-push oscillator topology [8]. Essentially, it is a ring oscillator with a
fundamental oscillation frequency of f;. As the oscillator reaches a steady state, the voltages at the drain of
each transistor have same amplitude but phase different of 120< After combining these signals by inductors
of Lgiqs at the node A, the third harmonics are added in phase while the fundamental and the second
harmonics are cancelled. Therefore, the oscillator can generate an output signal with frequency of f equal
to 3f; which can be easily designed to be higher than the transistor maximum oscillator frequency fuax. TL1
functions as a RF choke to provide a supply voltage to the oscillator while blocking an ac signal. Ly; and
Cwm1 are employed to conduct a power matching between the oscillator and an antenna. The output signal is
then radiated to the air by a proposed bondwire antenna which will be discussed in the next section. The
oscillator is designed to have output frequency of 340 GHz by proper selection of the inductance values of
La1-gs and Lgy-ga.

The second signal source, as shown in Fig. 1(b), adopts a proposed triple-push oscillator topology which
can provide differential output without any additional balun required [9]. The oscillator not only extracts the
output signals from the drain nodes, but also from the source nodes. By doing this, the third harmonics are
constructively added at the nodes B and C simultaneously. Moreover, the voltage signals at the nodes of B
and C have exactly same amplitude but 180 <phase difference. Such perfect differential output is due to the
fact that the output signals are actually extracted by the same current loop, which implies the output currents
have the same amplitude but out of phase. Since the output loads are the same, naturally the outputs are in a
perfect differential form. This oscillator is also designed to have oscillation frequency of 340 GHz by proper
selection of the inductance values of Lys.qe, Lgs-ge, Lsi-s3, and Lyips. TL, and TLs work as RF chokes to provide
a supply voltage and the ground to the oscillator, respectively, while blocking ac signals. The output
impedance is matched to 100 Q simply by adding a capacitor Cy,. The differential output signal is then
radiated to the air by a differential patch antenna which will be discussed in the next section.
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Fig. 4. Experimental setups for the measurement of (a) the oscillation frequency and (b) the EIRP.
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Fig. 5. Measured f, and EIRP of (a) the 1 SS with a bondwire antenna and (b) the 2" SS with a differential patch
antenna.

2.2. On-chip antenna design

Fig. 2(a) illustrates the proposed bondwire antenna which is used to radiate the output signal from the 1%
SS. The antenna is composed of two bonding pads and a gold bondwire. By proper selection of the bondwire
length, the antenna can provide antenna gain of 2.9 dBi at 340 GHz with the radiation pattern also shown in
the Fig. 2(a). Such a high-gain antenna can solve the low-gain issue occurred in conventional on-chip
antennas. The antenna input is conjugated matched to the 1% SS by Ly, and Cy; as depicted in Fig. 1(a).

The proposed differential patch antenna for radiating the output signal from the 2" SS is shown in Fig.
2(b). It is composed of two patch antennas arranged in a differentially-excited manner. By injecting
differential signals on the opposite of the patch antennas, the excited fields become in phase. Hence the
antenna gain can be increased around 3 dB as compared with a single patch antenna. The input impedance is
designed to have 100 Q differentially, which is matched to the 2™ SS for the maximum power transfer.

3. Experimental Results

The proposed two signal sources are implemented in 40-nm digital CMOS technology without ultra-
thick metal (UTM) layers, metal-insulator-metal (MIM) capacitors, and metal-oxide-metal (MOM)
capacitors available. The chip micrographs are shown in Fig. 3. The 1% SS and the 2" SS occupy chip areas
of 423 pm x 486 pm and 405 um x 720 um, including the oscillators, antennas, and dc pads, respectively.
The signal sources are characterized in the free space with the experimental setup illustrated in Fig. 4. The
oscillation frequency is measured using a subharmonic mixer (SHM) as indicated in Fig. 4(a). By observing
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the measured IF spectrum, the oscillation frequency fus can be determined by fir + 2f o where fz and f.o are
the measured IF frequency and the injected LO frequency to the SHM, respectively. The EIRP is measured
using a power detector with a model number of WR3.4 ZBD from Virginia Diode Inc. (VDI). Since the
output voltage of the power detector is low, the locking amplifier technique is used to detect such a small
signal while rejecting undesired noise.

The measured f, and the EIRP of these two signal sources are shown in Fig. 5. Fort the 1% SS, the
oscillation frequency can be tuned from 347.4 GHz to 345.9 GHz while providing EIRP from -22.3 dBm to -
17.1 dBm as the supply is changed from 0.8 V to 1.1 V. The 1*' SS only consumes 58.3 mW froma 1.1 V
supply. For the 2™ SS, the oscillation frequency can be tuned from 336.4 GHz to 336.1 GHz while providing
EIRP from -20.5 dBm to -16.8 dBm as the supply is changed from 0.8 V to 1.1 V. The 2™ SS only consumes
44.6 mW from a 1.1 V supply. The proposed signal sources are very suitable for low-cost THz imaging
applications.

4. Conclusion

Two signal sources with integrated on-chip antennas are proposed and demonstrated using 40-nm digital
CMOS technology. The first signal sources provide single-ended output which is radiated to the air by a
proposed high-gain on-chip bondwire antenna. The second signal source can provide differential output
without additional lossy balun required. The differential output is radiated out by a differential patch antenna
which is composed of two patch antennas arranged in a differentially-excited manner. The measured
oscillation frequency and EIRP of the 1% SS and the 2™ SS are 346 GHz and 336 GHz, and -17.1 dBm and -
16.8 dBm, while only consuming 58.3 mW and 44.6 mW from a 1.1 V supply, respectively. These two
signal sources are very suitable for low-cost THz imaging applications.
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