
Abstract—  An  840-GHz  Schottky  diode  detector  is
integrated with an analog lock-in amplifier in 130-nm bulk
CMOS.   The  integrated  lock-in  amplifier  can  support  a
modulation frequency of up to 10MHz with a gain of 54dB, a
dynamic range of 42dB, and an input referred noise of less
than  10 nV/ √Hz  at  modulation  frequencies  higher  than
100kHz.  The integrated lock-in amplifier occupies an area of
0.17 mm2 and consumes 4.9mA from a 1.2-V supply.   The
detector and on-chip lock-in amplifier combination was used
to form terahertz images.

Index Terms—Terahertz, imaging, Schottky barrier diode,
lock-in amplifier, quadrature

I. INTRODUCTION

Numerous terahertz (THz) detectors and detector arrays
in CMOS for imaging applications have been reported [1]-
[4].  These circuits were characterized using an external
lock-in  amplifier  (LIA).   This  has  limited  practical
realization of an imager as well as an imaging array that
can output signals from a column of detectors for higher
frame  rate  imaging.   This  paper  reports  an  840-GHz
Schottky  barrier  Diode  (SBD)  [1] imaging  pixel  that
incorporates a wideband on-chip LIA (Fig. 1).

The modulation frequency bandwidth of  10MHz was
chosen  in  order  to  mitigate  the  impact  of  flicker  noise
present in detectors.  This bandwidth is 10X higher than
that  of  the  previously  reported  integrated  LIA  [5] and
~100X  higher  than  that  of  an  instrumentation  LIA
(Stanford  Research  model  SR810  [6]).   The  noise
performance of the on-chip LIA is also comparable to that
of the SR810.  

Fig. 1.    (Top Left) 840GHz antenna and detector.  (Top Right)
SR810 LIA [6].  (Bottom) THz imaging pixel with an on-chip
LIA.

II. THEORY OF OPERATION AND DESIGN

An  LIA  is  a  homodyne  receiver  that  uses  a  local
oscillator signal f LIA  followed by low-pass filters (LPF's)
that determine the noise filtering property of the LIA.  An
LIA can also incorporate a quadrature channel to enable
measurements of both amplitude and phase of the detected
signal.  The LPF's are used to reject the majority of the
mixed AC components, especially the 2× f LIA  component
and the noise.  The LIA step response time is inversely
related to the 3-dB bandwidth of the LPF, and there is a
trade-off between SNR and response time [6].  

An LIA and four 840-GHz  detectors,  including those
that utilize a Schottky diode, were integrated in foundry
130-nm CMOS.  Implementation of  the  Schottky diode
detectors does not require any process modifications  [1].
A block diagram of the LIA and a single 840-GHz SBD
pixel when configured for imaging is illustrated in Fig. 2.

Fig. 2.  Chip block diagram configured for imaging.

A. Detectors

The SBD detector used for imaging is shown in Fig. 1.
The  detector  is  composed  of  four  0.4x0.4µm2 Schottky
diode  cells  connected  in  parallel  [1].   The  detector
achieves a responsivity of 273 V/W and a noise-equivalent
power (NEP) of 42 pW/ √Hz  at 860GHz and modulation
frequency of 1MHz.  The SBD is forward biased at 20µA
using an off-chip resistor (RDET = 41kΩ).  The output of the
detector  is  then  brought  to  an  off-chip  AC  coupling
network to bias the low-noise preamplifier (LNA) inputs
at a common-mode voltage of +600mV.
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B. Down Conversion

An LNA is the first stage in a homodyne receiver.  An
LNA reduces  the  impact  of  noise  from  the  mixer  that
follows to the overall receiver noise.  The LNA utilizes a
PMOS input folded cascode followed by a source follower
in  order  to  drive  the  low  impedance  of  the  mixer.   A
typical  folded  cascode  need  not  to  be  compensated,
however feed-forward compensation of 2.35pF is used on
the  common-gate  in  order  to  move  the  dominant  pole
closer to the real axis, thus giving higher phase margin and
gain-bandwidth product to counteract the loading effects
of the mixer [7], [8].  The LNA schematic is presented in
Fig. 3.

Fig. 3.  LNA schematic.

The mixers are a fully differential double-balanced type
realized using transmission gates.  The schematic of one
of  the  mixers  is  illustrated  in  Fig.  4.   Complementary
differential  LO drive,  transmission gates,  and  MOSFET
dummy  capacitor  per  switching  transistor  are  used  to
minimize  LO  feed-through  [7].   The  use  of
complementary switches and differential LO drive is also
beneficial for linearity [9].  

Fig. 4.  Schematic of mixer.

C. Baseband, Synchronization, and Biasing

Baseband amplifiers are added on-chip following the I
and  Q  mixers  to  further  amplify  the  signal,  perform
differential to single-ended conversion, and implement a
single-pole low-pass filter.   The design is similar to the

three-stage low-noise amplifier in  [1].  The PMOS input
pair  is  still  used  for  a  low  flicker  noise  corner.   The
amplifiers are operated as difference amplifiers with RG =
100kΩ and CG = 0.1μF, giving 45dB gain and a pole (p1)
of 16 Hz.  Bias points VIBIAS and VQBIAS are used to set the
DC quiescent output voltage and null offset voltages.  The
I and Q outputs are followed by an optional off-chip op-
amp buffer, an optional low-pass filter with a pole (p2) of
160 Hz, and an analog-to-digital converter (ADC).

The schematics  of the on-chip DC biasing and clock
divider circuits are shown in Fig. 5.  One bias is used for
the three on-chip amplifiers.  The external 120-μA current
source is a 6.19kΩ resistor tied to the analog VDD. 

The on-chip clock divider takes in an external square
wave  at  a  frequency  of  2× f LIA  and  generates  four
quadrature-phase  local  oscillator  signals  to  drive  the
mixers  and  a  stable  reference  signal  (SYNC)  for
modulating a THz source when using the on-chip lock-in
amplifier.

Fig. 5.  (Left) On-chip bias circuit and (Right) clock divider.

III. RESULTS

The integrated circuit was wire-bonded onto a printed
circuit board (PCB) only containing passive devices (e.g.
RG, CG, and etc).  The outputs of the PCB are connected to
a  breadboard  with  the  ADC's  and  a  micro-controller  to
interface with a computer.  An external signal generator is
used  as  the  LIA input  for  bench  testing.   Images  were
acquired using the SR810 and chip LIA.  LabVIEW was
used to automate the measurements.

A. Bench Testing

A major  figure  of  merit  for  the  LIA is  its  ability  to
provide maximal gain at  f LIA  while attenuating all other
signals outside of the filter passband.  This was measured
by  using  the  reference  signal  output  of  the  SR810  to
modulate a single tone at  f LIA .   The measured transfer
function of the sideband signal relative to f LIA  is shown
in Fig.  6.   Gain is  defined as the I/Q amplitude (vector
summation in I/Q space) divided by the input signal Vrms at
a  specific  frequency.   The passband 3-dB bandwidth  is
2×16 Hz due to spectrum folding.
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Fig. 6.  Gain versus sideband signal at  a lock-in frequency of
(Top) 100kHz and (Bottom) 10MHz.  These are consistent with
p1 and p2 of 16Hz and 160Hz, respectively.

The input referred noise density of the LIA should be
less than that of the source signal.  The SBD detector [1]
has  an  output  noise  of  100 nV/ √Hz  at  a  modulation
frequency  of  100  kHz  and  less  than  10 nV/ √Hz  at
10MHz.   The  on-chip  LIA output  noise  was  measured
using an HP 89441A signal analyzer.   An external  low-
noise broadband 60dB amplifier is cascaded at the output
of the chip LIA to ensure the output noise is  above the
noise floor of the analyzer.   The input referred noise is
obtained  by  taking  the  spectrum  analyzer  data  and
dividing it by the total gain.  The input referred noise is
plotted  in  Fig.  7  and  is  lower  than  10 nV/ √Hz  for
modulation frequencies greater than 100kHz.

Fig. 7.  Input referred noise of chip LIA with a lock-in frequency
of (Top) 100kHz and (Bottom) 10MHz.

Metrics  such  as  dynamic  range,  gain  compression,
linearity,  and minimum detectable signal  (MDS) can be
determined from the I/Q output voltage versus LIA input
amplitude plots shown in Fig. 8.  The plots for  f LIA  of
100kHz and 1MHz are nearly identical.  Gain compression
at  all  three  frequencies  as  well  as  the  noise  floor  for
10MHz are seen.

Fig. 8.  Measured I/Q amplitude versus LIA input amplitude.

B. Imaging

Terahertz images were formed using a single-pixel lens-
less setup similar to [1] using both an SR810 and the on-
chip  LIA  (Fig.  10).   Both  LIA's  used  a  modulation
frequency,  f LIA ,  of  100kHz and an integration time of
10mS  which  corresponds  to  p1 of  the  chip  LIA.   For
imaging with the SR810, the detector output was routed
through  an  SMA connector  on  the  circuit  board  to  the
SR810, instead of the AC coupling network (Fig. 2)  The
image of the same floppy disk taken using both LIA's are
shown  in  Fig.  9.   It  is  difficult  to  discern  differences
between the images.

Fig. 9.  (Left) Image taken using SR810 and (Right) using the
on-chip LIA.

Fig. 10. System overview used for imaging.  The terahertz source
is a product of Virginia Diodes Incorporated.
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IV. CONCLUSION

An LIA with an integrated 840GHz detector intended
for terahertz imaging was demonstrated in 130-nm CMOS
process without any process modifications.  The LIA can
handle a modulation frequency up to 10MHz.  This will
enable  an  increase  of  modulation  frequency  in  CMOS
THz imagers  [1],  [4] up to 10MHz to reduce the  flicker
noise  impact  and  NEP.   Table  1  summarizes  the
performance  of  the  LIA.   The  chip  LIA input  referred
noise  is  ~2-4 nV/ √Hz  higher  than  the  SR810.   This
demonstrates  that  an  integrated  LIA with  a  comparable
noise performance than that of a laboratory-grade LIA for
terahertz imaging applications is possible.

TABLE I: MEASURED PERFORMANCE SUMMARY

Parameters Value
LIA Core Dimensions 520 x 330 μm
Power Consumption @ Supply Voltage 5.86 mW @ 1.2V
Technology 130 nm CMOS
f LIA  Bandwidth 10 MHz

Gain @ 100 kHz + 1 Hz 62.5 dB
         @ 1 MHz + 1 Hz 60.4 dB
         @ 10 MHz + 1 Hz 54.1 dB
Input Referred Noise @ 100 kHz + 1 kHz 9.11 nV/ √Hz
                                   @ 1 MHz + 1 kHz 8.86 nV/√Hz
                                   @ 10 MHz + 1 kHz 7.68 nV/√Hz
Input Dynamic Range @ 100 kHz > 42 dB
                                    @ 1 MHz > 42 dB
                                    @ 10 MHz 42 dB

Passband Bandwidth
f LIA  ± 16 Hz

(Set by RG and CG)

TABLE II: COMPARISON OF EXISTING INTEGRATED LIAS

BW
[MHz]

Gain
[dB]

Power/
VDD [V]

CMOS
Node [nm]

Input Noise 
[ nV/ √Hz ]

I/Q

This
Work

0.1 62.5
5.86mW

1.2
130

9.11 
Yes1 60.4 8.86

10 54.1 7.68 

[10] 0.125 42
0.42mW

1.8
180

5.9 
@ 1 kHz

No

[11] 0.05 109
25mW

5
700

17 
@ 20 kHz

No

[12] 0.1 70
2mW
1.8

180 Not reported Yes

[13] 0.7 0
1.7mW

1.2
180 Not reported Yes
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