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Abstract— This paper describes the architecture and testability 

issues of a 90 nm CMOS sub-THz detector array ASIC. The sub-

THz detector array is an integrated system composed of silicon 

field effect plasma wave sensors, integrated antennas, pre-

amplifiers, ADCs, and digital domain lock-in amplifier detector. 

The mixed-signal system is controlled and monitored by JTAG 

interface containing several access points and multiple power 

domains. The peak responsivity is found 185 kV/W@365 GHz 

and at the detectivity maximum the NEP ~ 20 pW/Hz-1. 

sub-THz, CMOS plasma wave detector, mixed-signal test, RF 

characterization 

I.  INTRODUCTION 

Sub-Terahertz (THz) signal sensing and imaging have 
become available using commercial, main stream silicon 
technologies. This spectrum of electromagnetic waves is non-
ionizing and has a broad application area [1]. Several THz 
imaging systems and different sensor technologies appeared, 
among others silicon based MOS field effect transistors [3]. It 
has been demonstrated that silicon detectors with integrated 
planar antennas could serve as fast imagers as well [5-7]. The 
silicon or SiGe based sensor technologies offer the important 
advantage over other material based solutions the on-chip 
integration with read-out and signal processing circuitry [4-5].  

II. SYSTEM DESCRIPTION 

The detector comprises a 4 by 3 array of antenna coupled 
field effect transistor sensor followed by low noise 
amplification, digitalization and digital lock-in detection. The 
sensor structure is identical in each channel, while the antenna 
structure is varied including spiral, bow-tie, and dipole 
variants. The digitalization is achieved by a VCO and 
frequency estimation pair. The ASIC is designed and 
manufactured using standard 90 nm TSMC technology. The 
system is autonomous: it can lock to an external 
synchronization signal or generate the modulation signal on its 
own..The measured responses of the sensor channels are 
continuously sent on an SPI. The debug capabilities of the 
system are broad and reachable through JTAG interface and 
analog boundary modules. The conversion parameters, the 
modulation frequency, and the low pass filter parameters can 
be set via the same interface. 

 

A. Operation principle 

As usual in low signal level situations, the sensor responses 
are detected by lock-in technique. This method increases 
accuracy and precision by acquiring information with 
modulated stimulus and integrating the samples over a large 
time period with low pass filtering. The system performs signal 
amplification and digitalization per sensor channel, while the 
lock-in detection is done by a time shared datapath ALU. The 
architecture is prepared to process all sensor channels or 
specific physically meaningful selection of them meanwhile 
switching off the non used items. One example for application 
specific arrangement available on the detector is a pair of 
orthogonally placed dipoles, which enables polarization related 
material inspection, like ellipsometry. The system architecture 
can be seen in Fig. 1. 

B. sub-THz FET sensor and antenna design 

In [3] Dyakonov and Shur predicted that the instability of 
electron plasma waves in short channel FETs could be used as 
terahertz frequency radiation detector. Related to FET sensors, 
we can distinguish two basic operation modes: open drain and 
non zero drain current cases.   

 
Figure 1.   Digital lock-in detection signal path of a sensor. Components are 

antenna, detector, low noise amplifier, VCO and following frequency 
estimation, linearization and the frequency filtering including a numerically 

controlled oscillator. 
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Figure 2.  Physical arrangement of the detector and the embedded planar 

antennas of different frequency and polarization responses. 

Generally, the sensor sensitivity increases lowering the VGS 
due to the electron plasma thinning under the gate electrode. 
The downside of this sensitivity increase is that as the transistor 
penetrates deep subthreshold, the output signal becomes  

vulnerable to thermal noise and the FET’s driving capability 
decreases exponentially. The common solution is to terminate 
its drain with a high value resistor towards ground level [2-4] 
or induce source drain current reaching saturation regime. In 
non zero drain current mode, the responsivity of the sensor 
significantly increases, though the sensor flicker noise 
increases as well at almost the rate. 

In sensor integration the FET geometry and its RF 
environment play crucial role (apart from the signal post 
processing). The sensor performance cannot be decomposed 
easily into the antenna and the FET sensor sides due to the 
immature integrated sub-THz device modeling. In the 
presented system, different configurations are integrated with 
various antenna structures and a single sensor FET in order to 
characterize the technology and found a strict methodology. 
The design is validated and optimized from electromagnetic 
point of view with an EM field simulator including preliminary 
plasma wave detection modeling [2, 5]. The detector is 
identical in each pixel and has drawn size of W/L = 500nm / 
100nm. The included antenna variants are depicted on the 
microphoto of the ASIC in Fig. 2. and are the followings: 

 Dipole of different polarization directions (resonate at 
0.2 THz) 

 Photoconductive style dipoles (resonate at 0.3 and 0.45 
THz) 

 Two-armed Archimedean and squared spirals (with 8 
and 10 significant resonant peaks from 0.1 – 0.5 THz, 
respectively). 

 Bow-tie on silicon substrate  
 

In order to avoid high substrate losses, each antenna is placed 
on the top metal layer without passivation opening with a 
resonant ground metal mirror underneath in the middle metal 
layer. One exception to this rule is the segment of the bow tie 
antennas. The reason is that the other types are resonating at 
specific frequencies due to the underlying ground shield, while  

 

Figure 3.  Simplified architecture of the antenna coupled detector and the 
LNA connectivity. 

the bow tie antennas are designed to be broadband. Below the  

ground plane placed at the 5
th
 metal layer, the pixel circuitry is 

integrated saving area.  

As can be seen in Fig. 2. the area is divided into 12 cells of 

equal size. By determining the main structural dimensions the 

antenna characteristics had to be considered. Therefore 

minimizing mutual capacitive coupling was crucial. For this 

reason simulations were done with different segments of the 

chip concentrating on the crosstalk of the antennas and the 

technological fundamentals. Hence a pitch of 330 um was 

chosen allowing the realization of a small array.  

C. Analog interface 

The interface is built around the plasma wave sensor 
transistor. The sensor could work in two basic operation 
modes, namely open drain and in non zero drain current modes. 
The former one provides higher detectivity, while the latter one 
means higher sensitivity [4]. To achieve these modes, not the 
common solution of a digital switch is applied, but a PMOS 
based pseudo resistance [9] of high nonlinear resistivity (see 
Fig. 3.).  

The pseudo resistance behaves as near linear resistor (in the 
range of GΩ to TΩ) at low potential difference. On the other 
hand, its conductance increases significantly by increasing 
terminal voltage (~1V) allowing driving 1-10 uAmp source 
drain current. In both modes, the response of the sensor 
transistor is in the mV range, hence the linearity, high value, 
and the fine tunability of the resistance maintained. 

The sensor signal is amplified by a band pass amplifier 
topology. The low noise signal amplifier is motivated by 
neurobiological solutions, due to the similarity of low signal 
levels and low frequency modulation [9]. The opamp has 
folded cascoded structure with PMOS input transistor, 
optimized for low noise operation (~ 40 nV/√Hz at 1 kHz input 
referred noise). The band pass filter is built from this amplifier 
and high value pseudo resistor and metal-oxide-metal 
capacitor. It provides more than 40 dB amplification with 0.3 
kHz lower and 330 kHz upper -3 dB cut-off frequencies. 

D. Digitalization 

A free running VCO and a frequency estimator generate 
digital representation of the amplified sensor response. The 
VCO is based on a five stage interpolating voltage controlled 
delay line, which provides low jitter [8]. In order to reduce the  
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Figure 4.  The implemented low jitter VCO/voltage controlled delay line with 

kick-back reduced control input.  

clock feedthrough from the oscillator to the sensor via the 
capacitive amplifier distributed source followers and a unity 
buffer are inserted. The VCO can be tuned by the variable 
capacitive load that supports wide frequency range (~150 
MHz) centered at 175 MHz at 0.6V bias and 0.6V control 
voltage swing. The VCO architecture is shown in Fig. 4. 

The frequency of the VCO is measured by a counter, whose 
increment is sampled by regular time periods. In addition to the 
static nonlinearity, differences arise in the oscillation frequency 
of the VCOs due to manufacturing inaccuracies. These effects 
are compensated after digitalization by a 2nd order polynom. 
The corrected 24-bit fixed point output values (8-bit fractional) 
are sent towards the lock-in detection. 

E. Lock-in detection 

The digital lock-in detection is capable to lock to the source 
modulation frequency and provides the complex and absolute 
intensity of the input signal at the selected frequency bin. More 
precisely, the output per detector channel is the real and 
imaginary part of a single bin of a DFT: 

             
           

    

 
       

     (1) 

 
where W, B denotes window size and frequency bin, 

respectively. The calculation of the single channel is done by 
summing the product of the input time series with Sin/Cos 
waveforms representing the in-phase and quadrature-phase. 
Intensity value is calculated as: 

         
    

     
 

   
   (2) 

where O is the oversampling ratio. The numeric 
representation of the Sin/Cos waveform is signed 12-bit with 
11-bit fractional, the I, Q values have 36-bit with 11-bit 
fractional, and the output is 40-bit with 8-bit fractional. The 
output is standard SPI. The output data consists of the real and 
imaginary parts, and the intensity value of the selected 
frequency bin. When a complete window is ready, all results of 
the enabled channels are streamed out by the SPI.  

III. TESTABILITY FEATURES 

The detector array is intended to measure the incident 
electromagnetic wave intensity. Though the antenna coupled 
plasma wave detector behavior could be modeled to a certain  

 
Figure 5.  The control and test access structure of the detector array is shown, 

composed of JTAG control of power domains, mixed-signal part and test-
control of digital part together with analog and mixed-signal test paths. 

complexity [1], the RF characterization of the sensors and the 
following LF signal path must be separate. As some 
characterization steps require low noise environment (e.g. no 
digital noise by substrate coupling a.k.a. no operational VCO 
presents at other channels), the main blocks are separated into 
different power domains with JTAG based enabling. The 
general control architecture can be seen in Fig. 5. 

A. RF characterization  

In the plasma wave sensor context, the RF characterization 
typically embeds frequency dependent response in conjunction 
with detector biasing. The biasing means VGS and IDS sweeps 
of the sensor transistor. Another important feature of such sub-
THz sensors is the noise equivalent power, whose 
measurement requires noiseless environment.  The RF setup 
based on a sub-THz source is the ensemble of a YIG oscillator 
and a multiplier amplifier chain operating from 40-500 GHz. 
The irradiation power reaches the sensor plane is validated by a 
bolometric absolute power meter through high resistivity 
(HRFZ-Si) silicon beam splitter. The focusing is helped by a 
fiber coupled visible diode laser and an ITO covered glass 
mirror (see Fig. 6.). The quasi optical setup [7] enables 
automated modulation frequency, polarization, and attenuation 
control as well. These features are generated and the detector 
response is captured by standard data acquisition system.  

 

Figure 6.  Physical arrangement of the detector array in the RF 

characterization setup. 
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B. Analog signal path  

The mixed-signal path verification and characterization is 
available by analog boundary modules (ABM).  Access ports 
(ATAP) are placed in order to facilitate analog parametric 
characterization as well. There are a set of digitally-
controllable analog boundary cells implemented near the 
sensors: LNA, and VCO input that can select or disconnect the 
analog signals to analog test I/O pins or set constant input 
voltage for the oscillator. Furthermore, digital output ports are 
monitored and its inputs can be set by the scan chain. Each 
LNA and VCO, FDC could be also separately operated in 
separated power domains so as to measure individual modules. 

C. Digital circuitry 

The digital circuitry is designed according to 
manufacturability, testability, and low power standards. In 
order to balance the chip area overhead and testability, only 
well specified points are monitored and substituted in the data 
flow. The test development including test generation and fault 
simulation has been conducted. The fault-free response is 
checkable by binary vectors at the monitored buses and CRC 
checksums. The JTAG interface handled chains are the 
followings: 

 Bypass, a default JTAG register 

 Analog block (including LNAs) enable register 

 Analog/digital interface enable register (including 
VCO control) 

 Digital core configuration register (various parameters, 
such as modulation frequency, mode of locking) 

 Output replacement and substitution of the FDC stages 

 Analog access port control register 

 Digital core output sample register 

IV. MEASURED PERFORMANCE 

The different antenna structures provide various frequency 
responses. The resonant peaks are drifted to higher frequencies 
by about 16% and spread over the resonant peaks compared to 
the EM simulations. The following data listed for the highest 
responsivity structures, namely the narrow band H-shaped 
dipole and broadband four serially connected bow-ties [10] 
(showed in Fig. 2. by upper and lower dotted rectangles).  

The detector noise characterization is performed under 
battery powered setup with switched off VCO and digital 
signal processing domains. The noise equivalent power (NEP) 
calculated by raster scanning the focused spot. The amplified 
responsivity peaks are found to be 52 kV/W@465 GHz for the 
bow ties that slowly varies in a broad frequency range, and 185 
kV/W@365 GHz for the H-shaped dipole with open drain 
configuration and VGS = 0.25V (see Fig. 7). At the detectivity 
maximum (VGS = 0.55V), though the responsivity drops to near 
half the above values, the NEP reached are 120 pW/Hz

-1
 and 

20 pW/Hz
-1

 for the two cases.  

 

Figure 7.  Responsivity of the H-shaped dipole antenna (A=200 m,  

B=214 m). 

CONCLUSIONS 

The sub-THz detector array has been designed and the 
testability issues are addressed. There were many kinds of test 
requirements ranging from near thermal noise measurement of 
the sensors under sub-THz irradiation up to multi-channel lock-
in detection data path verifications. The system is prepared for 
these cases by JTAG controlled fine grade on/off power 
domains and standard mixed-signal test solutions. 
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