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A 20 GHz Power Detector with 176 mV/dB

Abstract—This paper introduces a high frequency power de-
tector with high conversion gain for frequency-shift applications.
The proposed design comprises an amplitude-to-voltage convertor
(AVC), a peak detector, and a bandgap. To increase the operating
frequency range, AVC utilizes the half of an RMS power detector
to attain the power measure of an input signal. Since the input
power is converted to a DC voltage by AVC, the peak detector
will secure the resonant frequency when AVC generates the
highest voltage. The proposed power detector circuit is realized on
silicon using a 60 V 0.25 yum CMOS technology. The post-layout
simulation result shows that the proposed circuit is able to detect
input frequency from 500 Hz to 20 GHz, and the conversion gain
of AVC is 176 mV/dB, while the power consumption is 20 mW
given a 5 V power supply voltage.

Index Terms—Analog processing circuit, resonant frequency,
power detector, peak detector, frequency-shift readout circuit

I. INTRODUCTION

Recently, MEMS sensors with resonant features have been
widely used in many applications, e.g., antigen concentration
sensing [1], CO4 concentration sensing [2], and temperature
sensing [3], etc., where frequency detectors for sensors are
needed. Fig.1 shows a typical frequency detector circuit. The
control circuit generators a frequency-scanning signal to the
sensor. When the frequency of the frequency-scanning signal
equals to the sensor’s resonant frequency, the maximum or
minimum power will be presented. The power detector gen-
erates a digital signal to the control circuit to lock the detected
frequency. However, different types of sensors are featured with
different frequency ranges. For example, the FPW (flexural
plate wave) devices able to estimate IgE (immunoglobulin E)
antigen concentration are found to work in the range from 2
MHz to 10 MHz [1]. The SAW (surface acoustic resonator)
able to sense the CO5 concentration must be operated around
545 MHz [2]. The FBAR (film bulk acoustic resonator) for the
temperature sensing works around 2.19 GHz [3]. Therefore,
to accommodate the operating frequency ranges of various
sensors, a wide input range power detector is needed.

The power detectors in previous works can be categorized
into two types by the input frequency range. The first type
employs a peak voltage detector to be the power detector [4].
Since the peak detector includes OPA or OTA, it is limited
in the low frequency range. The other type is RMS power
detector, as shown in Fig.2 [5]. Although RMS power detectors
can operate in high frequency range, but it has the offset error
problem and the output voltage resolution, Vg, is too small
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Fig. 1. Architecture of a typical frequency-shift detection circuit

[6]. In order to increase the output difference, an amplifier
following the RMS power detector is usually added to amplify
the output voltage. Unfortunately, the offset error will be
amplified as well. Therefore, the operating frequency range of
the RMS power detector is limited by the offset error.
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Fig. 2. Schematic of the RMS power detector [5]

In this paper, a wide input frequency range power detector
has been presented. To cancel the offset error and increase
the input frequency, we propose to use half of RMS power
detector to convert the input amplitude into a DC voltage,
namely amplitude-to-voltage convertor (AVC). After AVC, the
peak detector is available to detect the resonant frequency.

II. POWER DETECTOR DESIGN

Fig. 3 shows the architecture of the proposed power detector.
It consists of an AVC, a peak detector, and a bandgap. Notably,
this architecture is for the applications which the frequency
response of the sensor is a band-reject filter. If the frequency
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response is a band-pass filter, the peak detector should be
replaced with a valley detector. In the rest of this paper, AVC
and the peak detector will be disclosed in detail and the post-
layout simulation results of the entire power detector are shown
to justify the functionality. Since the bandgap is carried out by
conventional design methodologies, there is no need to rephrase
hereby.
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Fig. 3. Architecture of the proposed power detector

III. CIRCUIT DESCRIPTION AND ANALYSIS
A. Amplitude-to-voltage convertor (AVC)

To cancel the offset error, AVC, shown in Fig. 4, is carried
out by only half of the RMS power detector circuit. Cyp; is
utilized to decouple the DC term of V;,,(t), where V;,, (t) is the
output signal from the sensor. V; is a stable DC bias driving
Myo1 into the saturation region. Thus, the drain current of My
can be expressed as follow.

1
5-6n-<wn(t>+vz—VTN)2 (1)

where 8, = 14y, Coy (Wao1/Lao1) is the MOSFET transconduc-
tance parameter, j, is the electron mobility, C,, is the gate
oxide capacitance per unit area, Vry is the NMOS threshold
voltage, Wyo; and Ly4p; are the channel width and length of
Myo1, respectively. Mygo is biased in the triode region to act
as a resistor. The resistance can be written as follows.

"Moo = 1/Bp - Vpp — [Vrpl) (2)

where 6;,, = Mpcox (W402/L402), Up is the hole mobility,
Vrp is the PMOS threshold voltage. Wyp2 and Lygo are the
channel width and length of My, respectively. Cp, is a low-
pass filter to filter out the AC component of AV C'_o. When the
current iyz,,, (t) flowing through the resistor ry,,, and Vi, (t)
is substituted with V -cos(27ft + 6), the DC term of the output
voltage is attained as follows.

Z.1\4401 (t) =

1
AVC_O = VDD - 5 .

Fig. 5 shows the simulation result of AVC output voltage
vs. the input amplitude, while Fig. 6 is that of AVC output
vs. the input frequency. These two figures demonstrate that the
output voltage is irrelevant with the input frequency. However,
AVC output voltage increases as the input amplitude decreases.
Therefore, when the frequency-scanning signal is equal to the
resonant frequency of the sensor, which the frequency response
acts like a band-reject filter, the minimum output amplitude will
be presented, and AVC generates the highest output voltage.

B+ Tt - [V + (Vo = Viw)?| 3)

Fig. 4.

Schematic of AVC

The conversion gain of AVC, CG 4y ¢, can be derived as
follows.

AVC_Omax — AVC_Om'm
20 - 10g(Vamue / Vamin)

where the AVC _0maz, AVC 0min, Varuss
the maximum and minimum output voltage and the maximum
and minimum input amplitude of AVC, respectively. Besides,
if AVC is able to detect the power attenuation of the sensor
between -5 dB to -25 dB, the entire power detector can find
the resonant frequency [7]-[9]. For instance, if the amplitude
of the frequency-scanning signal is 1 V, the minimum input
amplitude of AVC is 50 mV. Moreover, considering the the
input range of the peak detector (use a OPA with p-type input
stage) in our design, AV C_o is limited less than 4.5 V, as
shown in Fig. 5. Therefore, since the input amplitude range of
AVC is from 50 mV to 1 V and the output voltage is from
0 V to 4.5V, the theoretical conversion gain is 180 mV/dB.
However, Myo; may be biased in the triode region when the
input amplitude is too high so that the maximum output voltage
will be less than 1 V and the minimum input amplitude will be
higher than 0 V. Therefore, the conversion gain of the proposed
AVC is 176 mV/dB by the post-layout simulations, as shown
in Fig. 5.

CGave = 4)

and V are

Amin

AVC o (V)

0.7

Amplitude of Vi,(t) (V)

Fig. 5. Simulation result of AVC output voltage vs. the input amplitude

552



0.5
0.45
0.4 4 —

035 Yv O o—0- S s

0.3
4
o 0.25 Min : 0.3604 V/

0.2
0.15
0.1
0.05

Max : 0.38035 V

L\ e g 4

V)

AVC

10°  10° 10" 10® 10° 10" 10"

Frequency of V() (Hz)

10°  10*

Fig. 6. Simulation result of AVC output voltage vs. the input frequency

B. Peak detector

As soon as AVC converts the output power of the sensor into
a DC voltage, the following peak detector senses the resonant
frequency by monitoring the variation of the DC voltage. Fig.
7 shows the schematic of the proposed peak detector. The
function of the peak detector is explained as follows.

step 1:Before the frequency-scanning begins, rst is pulled
high to reset the power detector such that Mg, and
M7~ are turned on to discharge AV C_o and V.

step 2: After rst is pulled low and the frequency-scanning is
started, if the input voltage, AV C_o, is higher than
Vs, the OPA discharges vopa to low to turn on Mrq3
such that Cy will be charged.

step 3:As soon as Vg > AV C_o, the OPA charges vopa to
high and then turns off M~7o3 to stop charging Cs.

In short, when the frequency of the frequency-scanning
signal increases over the resonant frequency, the output of the
peak detector, Vcax, stores the last high voltage. Besides, a
high skew invertor is used to ensure the output Ve, is a
digital signal where the switching voltage of the high skew
invertor is tuned to be 4.09 V to ensure the functionality.

In the proposed power detector, the conversion gain of AVC
is 176 mV/dB, and the sensitivity of the peak detector is
simulated to be 10 mV. Therefore, the sensitivity of the entire
power detector is 0.06 dB. According to the frequency response
of the sensors [7]-[9], the proposed power detector can detect
the resonant frequency with less than 10% error given such a
0.06 dB sensitivity.

IV. IMPLEMENTATION AND SIMULATION

The proposed power detector is realized on silicon using
TSMC 60V 0.25 um CMOS technology. Fig. 8 shows the entire
circuit layout including I/O PADs. The chip area is 435 x 435
pum?, and the core area is 145.8 x 80.4 um?. Fig. 9 illustrates
the setup of the post-layout simulation where a butterworth
filter replaces an FBAR sensor [10]-[11]. The reason why the
sensor is replaced by a butterworth filter is that the frequency
response of the FBAR sensor is a band-reject filter, which
can be approximated with an RLC-based filter. The equivalent
circuit and the frequency response of the filter are shown in Fig.
10, where the resonant frequency is 2 GHz. The simulation

High skew
inverter

AVC_o
=
M7o1
rst
Myo2 I
Fig. 7. Schematic of the peak detector

result is shown in Fig. 11. The amplitude of the frequency-
scanning signal is 0.3 mV. When the frequency of frequency-
scanning signal is higher than the resonant frequency, the
amplitude of V;, (t), the output of the butterworth filter, starts
to increase. Then, the output of AVC, AV C_o, decreases as
Vin(t) amplitude increases. When AV C_o does not increase
any more, Vpeak 1S kept at the same voltage level. Therefore,
we record the resonant frequency when the last time the Vcax
is pulled low. Notably, Fig. 11 is the SS corner simulation result
(worst case), where the voltage of AVC_o is close to 4.5 V.
If the amplitude of the frequency-scanning signal is less than
0.3 V, the proposed power detector will not able to detect the
resonant frequency because AV C_o exceeds the input range
of the peak detector.

The comparison with several prior works is tabulated in Table
I. The proposed design attains the widest frequency range, 500
Hz to 20 GHz, and the highest conversion gain of AVC, 176
mV/dB.

Fig. 8.

The layout of the proposed design

553



TABLE I
COMPARISON WITH PRIOR WORKS

[6] [12] [13] [5] this work
Year 2008 2008 2009 2012 2013
Process 0.13 um 0.35 pm 035 pm 0.18 um 0.25 pm
CMOS CMOS CMOS CMOS CMOS
Conversion Gain
1 1
(mV/dB) 6 50 6 7 76
Supply voltage 12V 33V 33V 1.8V 5V
0.125 GHz 0.9 GHz 3.1 GHz 0.5 GHz 500 Hz
Frequency range ~8.5 GHz ~2.4 GHz | ~10.6 GHz ~5 GHz ~20 GHz
Power Consumption 0.18 N/A N/A 0.9 1.96
(mW) (RMS power detector) (RMS power detector) | (power detector)
Core area 12600 31000 36000 7800 290
(pm X pem)
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Fig. 11. Worst case simulation of the proposed power detector

V. CONCLUSION

This paper presents a wide input frequency range power
detector for frequency-shift application. The proposed circuit is
able to detect the input frequency from 500 Hz to 20 GHz. The
conversion gain of AVC is 176 mV/dB, where the sensitivity of
the entire design is 0.06 dB. It is by far the best theoretically
in the literature.

Applied Research Laboratories, Taiwan, for their thoughtful
chip fabrication service and EDA tool support.
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