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Keywords: Polar Transmitter, Switching-Mode Power Amplifier, MEMS Filter, EDA design flow,
Multi-Mode Transmitter

With development of communication market, more and more communication devices
of different applications have been produced. Therefore, in transmission, a transmitter that
can cover multi frequency band is also expected. To realize a .9-10GHz transmitter chipset,
heterogeneous technology is a feasible solution. However, to integrate different devices
(ex: MEMS, CMOS), it has to build a EDA simulation platform. In this project, the design
flow includes system link budget analysis and architecture design. In addition, EDA
simulation environment will be constructed for integration.

For system integration, the design targets are as follows:

1. Transmitter architecture analysis
2. Transmitter system circuit design and MEMS component development
Design target for the first year will be set on the technical development and simulation
platform construction. It includes:
(1) Simulation platform construction
(2) Transmitter system architecture analysis
(3) Transmitter system integration

In transmission, power amplifier is the key circuit in degradations of system
performance. Therefore, the nonlinear effect of power amplifier will be research and the
solution will be proposed.
Design target for the second year will be set on MEMS component design for system
integration. It will primarily focus on MEMS filter design and integrate with system
circuits.
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With 0.18um CMOS implementable MEMS inductors being embedded, 63% improvements
of PA efficiency, 15.3% and 11% power saving of LNA and synthesizer can be measured.

To implement compact multi-mode transceivers [1] to cover GSM/DCS/WiMAX/WiFi, the
single tri-band PA with phase compensation technique [2], LNA with noise flatness using active
input matching [3] and synthesizer with ripple-free scheme [4] are implemented in tsmc 0.18um
CMOS (Fig.1).
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Fig.1 Multi-band Transceiver for GSM/DCS/WiMAX/WiFi



Architecture of the first tri-band cascode Class-E power amplifier operating in
2.5GHz/3.5GHz/5.2GHz frequency bands for polar transmitters is illustrated in Fig.2. The
tri-band amplification is achieved by adaptation of the common-gate transistor size and the
matching networks. Phase distortion from the supply modulation of the Class-E is
compensated by controlling the common-gate transistor gate voltage and a compensative
capacitor. Measurement results show that the maximum power-added efficiency (PAE) of
22.7 130.4 /29% can be obtained at 2.5/3.5/5.2GHz. Output power of 9.7/10.2/7dBm from
2.8V supply can be achieved at 2.5/3.5/5.2GHz. Gain of 9.3dB, 9.8dB and 9dB are measured
at the three bands respectively. The phase distortion can be compensated from 34.4° to 3.1°

under supply voltage of 0.5V to 2.8V.

Counterparts:
Compensative CMOS/MEMS Inductors

Capacitor (C)

77777 il

Fig. 2. Schematic of the tri-band PA

To cover 0.6 — 6GHz, a multi-stage LNA is proposed which employs input active matching
technique consists of a complementary common source stage and a cascode common-source stages
(Fig.3). The maximum forward power gain (S21) of 22.2dB can be achieved while drawing 17.1
mW from a 1.8-V supply. A noise figure as low as 2.85 dB and flat noise figure [5] with 2.92dB
+0.07dB variation from 0.6-4GHz have been measured. Measured performances of S1; Sy, and,Si,

are -12dB, -8dB, and -30dB in maximum and IIP3 9.5dBm at 2.31GHz were obtained.
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Fig.3. Schematic of the LNA with noise flatness design

The fully integrated multi-band frequency synthesizer is designed to support 1Q based
GSM/DCS/WIMAX/WLAN (802.11a/b/g) transceivers (Fig.4). With ripple-free circuit, amplitude
of control voltage ripple can be reduced to 3.45 uV in locking time of 13.5us. The synthesizer
performs the suppression of 31.4dB in the power spectrum of reference-spur and the peak-to-peak
jitter 20.31ps. The measurement result of the QVCO in the frequency synthesizer has the phase

noise performance of -123.38dBc/Hz at offset frequency 1MHz, and the FOM is -179dBc/Hz.
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Fig. 4 Building blocks of the synthesizer with ripple free circuit

Monolithic integration of MEMS and ASIC can be expected with current development to
adopt existing IC lines to fabricate MEMS elements [6]. With 8 inch etching tooling being installed
in open CMOS foundries, MEMS inductors implementable with 0.18um CMOS ASIC process are

firstly designed and embedded in RF transceiver modules.

To implement MEMS inductor monolithically with tsmc 0.18um CMQOS ASIC, two steps
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of dry etch are used to define and release the structure. In the first step of post processing,
dielectric layers are removed by an anisotropic CHF3 /O2 reactive-ion etch (RIE) with the
top metal layer acting as an etch resistant mask. After the sidewall of the microstructure is
precisely defined, an isotropic SF6 /O2 RIE is performed to etch away the bulk silicon and
release the MEMS structure. 3D models of MEMS 1.8nH on-chip inductors based on the etching
parameters referred to the 0.18um CMOS with post processes have been established and for quality
factor analysis. Qmax 0f the CMOS MEMS inductor appears at 7.5GHz and with 81% incensement
from 8 to 14.5 comparing to the one implemented in CMOS process. The Qnax Value is not as
superior as expected with traditional RF MEMS process with the compromise to adopt composite
oxide-metal layers and restricted design rules to fit for mixed signal circuit implementations.

Two of the inductors being designed in the single LNA have been fabricated as the test keys
for CMOS and MEMS counter parts analysis. Dimensions of inductor; are selected such as 6um of
width, 2um of space, 84um of inner radius and 5.5 turns and targets to have maximum Q value at
4~5.2 GHz under CMOS design. Dimensions of inductor; are selected such as 6um of width, 2um
of space, 75um of inner radius and 2.5 turn and targets to have maximum Q value at 2~2.4 GHz
GHz under CMOS design. Counterparts with the same dimensions are fabricated with standard
CMOS and post-process of substrate etching. Measurement results reveal that the Qmax Of inductor;
with CMOS process appears at 5GHz as simulated by foundry provided inductor model while that
of MEMS inductor shifts to 7.5GHz and the Q value increases from 8.7 to 11. Same for the MEMS

inductor, with Qpax shifts to 4GHz instead of 2GHz as designed and increases from 6.5 to 10.

(Fig.5)
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Fig.5 Q factors of CMOS inductor and CMOS MEMS inductor

All the proposed single PA, LNA and synthesizer to cover wide band require high power
efficiency to sustain the high linearity. The major difference of the MEMS inductor to the CMOS
ones is the removal of substrate by etching processes. With the analysis of the loss caused from
parasitic series resistances of inductors, quality factor dominates the loss of the circuit. Therefore,
hence the MEMS inductor with higher quality factor should be able to enhance the power
performances for these transceiver modules.

Some of the inductors in the proposed architectures are replaced with MEMS inductors. In

the proposed multi-stage LNA, counterpart with L, and L; in Fig.3 being replaced with MEMS

inductors are fabricated. In the tri-band PA, counterpart with Lqk, Lo1, and Lgo in Fig.2 are replaced.

Also, two of the inductors in QVCO in synthesizer are replaced. Improved power performance can
be measured from all these counterparts and listed in Fig.6. Efficiency of the tri-band PA is with
63% improvement. Power consumption of the LNA with CMOS MEMS inductors reduces about
14% in LNA core and 16% in buffer parts and gets 14% improvement in total power consumption.
Both phase noise and power consumption of the synthesizer can have 12.2% improvements. Die
sizes of PA, LNA and the synthesizer are 0.24 mmz, 0.29 mm’ and 2.64 mm’ respectively. Die

photos are illustrated in Fig.7-9.



System co-simulation had been done to evaluate the system performance with the proposed
single PA, LNA and synthesizer. In the transmission path, relative constellation error (RCE)
evaluation had been done with modulation schemes of IEEE 802.16e, 64QAM data rate and 3/4
code rate for 2.5GHz and 3.5GHz. For 5.2GHz, modulation scheme of IEEE 802.11a with 54Mbps
data rate and 64-QAM is supported to polar transmission system. It reveals that the resultant RCE
of -35/-31.4/-25.1dB with 5.7/6/1/8.9dB overdesign based on the spec. can be achieved at
2.5/3.5/5.2GHz respectively. For receiving path, RF/Baseband co-simulations are conducted at
2.6GHz with 64QAM, at 3.407GHz and 5.8GHz with WiMAX and at 5.2GHz with IEEE802.11a.
The EVM simulated at 2.6GHz is about -31.4dB under signal sensitivity of -65dBm and adjacent
channel rejection (ACR) of 4dB. EVM at 3.41GHz and 5.8GHz is about -32dB with the same

sensitivity and ACR. All the parameters can hit system specifications.

Improv
Tru-band PA (2.5GHz/3.5GHz/5.2GHz)
ement
CMO CMOS with
S Design MEMS inductor
Efficiec 6% 9.80%
63.3%
y/5.2G
LNA
LNA
core power 171 14.8 13.5%
(mW)
Buffer
4.5 3.8 15.6%
power (MW)
Total
21.6 18.6 14%
power (MW)
QVvCO
Phase -123. -125.85dBc
noise 38dBc 12.2%
@I1MHz

Fig.6 Power performance comparisons for the CMOS and MEMS counterparts
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Fig.7. Die photo of the counterparts of the tri-band PA.
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Fig.9. Die photo of the synthesizer.
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Extra Figures:

Freq. Tech. Die Area | P, (dBm) | PAE (%) | Gain (dB) FOM
2009 | 3.4GHz 0.13um 1.2mm’ 21 25 21 45.8
EUMA | 2.4GHz CMOS 24 37 20 53.5
2009 | 3.5GHz 0.13um | 1.6mm’ 18.2 41 8.2 2.19
EUMA | 2.4GHz CMOS 17.8 40 7.8 0.84
This 5.2GHz 0.18um | 2.4mm? 18.7 22.7 9.3 3.87
Work 3.5GHz CMOS 18.8 30.5 9.8 2.7
2.5GHz 18.5 29 9 1.02
Fig.S1 Performance comparison of the tri-band PA
Gain BW Noise Pdc Process Area FoM
(avg)dB GHz (avg)dB mW um mm*mm
This work (s) 20 0.6-6 2.48 15.8 0.18 0.29 38
This work (m) 20 0.6-6 3.2 17.1 0.18 0.29 25
JSSC 2009 9.3 2.3-9.2 4 9 0.18 1.1 34
APMC 2008 11.8 0.4-10 5.45 12 0.18 0.42 7.4
JSSC 2008 12.5 0.7-6.5 3.85 11.1 0.18 0.53 7.3
IJSSC 2004 16 2.4-11 3.9 9.5 0.18 0.984 83
Fig.S2 Performance comparison of the wide band LNA
Year Application Preoess Synthesized | Total power Phase noise FOM Locking Power/ Note
Frequency consumption (oscillator) time Frequecny
(GHz) (W) (dBc/Hz) (W)/GHz
2005 GSM/DCS/ | 025pm 0.9-2.1 525 ~118dBe/Hz -183 N/A 43.75 N/A
ASSCC PCS/ BIiCMOS @400KHz;
WCDMA -127dBe/Hz
@1MHz
2006 WP AN/ 0.13 2 m 3.8-55 312 -121dBe/Hz N/A N/A 1835 N/A
cIcc WLAN CMOS @SMHz
2006 GSM/DCS/ | 025pm 0.9-2; N/A -124dBc/Hz -189.25 80us N/A C,=56nF
JssC PCS/UMTS/ | BiCMOS | 2.4-2.484; (@1MHz (OIf chip loop
WLAN Si-Ge 5-6 filter)
2005 GSM/DCS/ | 0.18pm 0.9-1.88; 105 -1142dBcHz | -176.325 30ps 50.8 N/A
APMC WLAN CMOS 2.4-2.484; @1MHz
5-6
2006 WIMAX/ 0.18 2 m 2532 4775 -124dBc/Hz -185 <l0pys 682 C,=880pF
JssC 802.11a CMOS {@1MHz
2008 WCDMA/ | 0.13zm 0.85-2.1 N/A ~123dBe/Hz N/A 20pus N/A N/A
RFIC GSM/GPRS/ | CMOS @1MHz
EDGE
2009 GSM/GPRS/ | 0.13pm 0.85-1.9 N/A -164.5dBc/Hz N/A 7595118 N/A N/A
JssC EDGE CMOS @20MHz
2010 Celluar/PCS/ | 0.18pzm 0.8-1; 882 -100.5dBc/Hz -178.6 N/A 2756 Die area
J8sC DCS/WLAN | CMOS L6-2; @20MHz =2*2mm?
2.4-3;
324
4.8-6
This work GSM/IDCS/ | 018pm | 0.749-1.07; 7135 -108.2dBc/Hz -189.88 1355 1724 Die area
WIMAX/ CMOS 1.498-2.14; @100kHz ; =L.67*1.58mm? ;
WLAN 2.996-4.281; -122.6dBc/Hz
4.494-6.421; @A00KHz ; C=274pF
2.247-321 -131.45dBe/Hz
@100kHz ;
-157.98dBc/Hz
{@20MHz ;
(QVCO)

11




Fig.S3 Performance comparison of the proposed synthesizer
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(# < ) Afirst fully integrated cascode Class-E power amplifier (PA)
operating in 2.5GHz/3.5GHz/5.2GHz frequency bands for polar
transmitters is fabricated in 0.18mm CMOS technology. The phase
distortion is compensated by controlling the common-gate transistor
gate voltage and a compensative capacitor. To enhance the
performance, MEMS process is applied . Measurement results show
that the maximum drain efficiency of 13.2% and output power of
10.3dBm can be achieved at the input power level of 6dBm from 2.8V
supply in 3.5GHz frequency band. The phase distortion can be
compensated to 6° under supply voltage of 0.5V to 3V in 3.5GHz
frequency band. A system co-simulation has been established for
relative constellation error (RCE) evaluation and it reveals that the
proposed compensations techniques make the RCE improve to meet
the requirements of WiMAX and 802.11a systems in the tri-band.
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(#& < ) Afully integrated multi-band frequency synthesizer
implemented in CMOS 0.18um process with the ripple-free circuit in a
single loop is presented in this thesis. The synthesizer is designed for
GSM/DCS/WIMAX/WLAN (802.11a/b/g) systems applying to 1Q
phase based transceivers. The proposed synthesizer with ripple-free
circuit can reduce the amplitude of control voltage ripple to 3.45 u VvV
in locking time of 13.5us. The synthesizer performs the suppression of
31.4dB in the power spectrum of reference-spur and the peak-to-peak
jitter with 74% improvement compared to conventional single loop
synthesizer designs. The measurement result of the QVCO in the
frequency synthesizer has the phase noise performance of
-123.38dBc/Hz at offset frequency 1MHz, and the FOM is
-179dBc/Hz.
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( # = ) Aflatness noise design of a wideband low noise amplifier for
multi-band applications using the active input matching is proposed in
this thesis. To achieve flatness noise figure and wide operating
bandwidth, the proposed multi-stage LNA employing input active
matching technique consists of a complementary common source
stage and a cascode common-source stages. The maximum forward
power gain (S;1) of 22.2dB can be achieved while drawing 17.1 mW
from a 1.8-V supply. A noise figure as low as 2.85 dB and 2.92dB flat
noise figure with £0.07dB variation from 0.6-4GHz have been
measured. Design optimization for the flat noise figure amplifiers in
wide bandwidth applications is also presented and circuit
implementation in tsmc 0.18-um CMOS process shows a 0.6-6GHz
bandwidth. The novel topology of multi-stage LNA is applied for the
multi-band applications. The proposed low noise amplifier was
verified by a RF/Baseband co-simulation. CMOS MEMS inductors are
also imported into the proposed low noise amplifier and an amplifier
with noise cancellation. 3D model of the CMOS MEMS inductors has
been developed and simulated by HFSS and the test-key inductors
have been measured to verify the reliability of HFSS 3D model. In this
work, the effect of high quality factor of CMOS MEMS inductors will
be discussed for the proposed low noise amplifier and an amplifier
with noise cancellation.
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A Monolithic CMOS MEMS Accelerometer with
Chopper Correlated Double Sampling Readout Circuit

Chun-Kai Wang and Che-Sheng Chen

Department of Electronic Engineering
National Chiao Tung University
Hsinchu 300, Taiwan
E-mail: [kernzip, chen.chesheng]@gmail.com

Abstract—A monolithic CMOS MEMS capacitive accelerometer
with micropower analog readout circuit is presented in this
paper. In order to optimize noise-power performance of
accelerometer in limited area, a specification driven MEMS/IC
co-design flow is adopted. In analog readout circuit design, the
proposed circuit architecture combines chopper stabilization
and correlated double sampling to suppress low frequency noise
and compensate DC offset. The RMS input referred noise
voltage is 9.82 nVAHz under 100Hz. The power consumption is
36uW at 100kHz modulation frequency.

L INTRODUCTION

CMOS MEMS accelerometers are applied for a wide
range of applications, including automotive safety, virtual
reality, movement detection, various navigation system, and
mobile devices. A CMOS MEMS accelerometer has the
advantages of low temperature coefficient, low power
dissipation, low noise, and low cost due to it’s compatibility
with wafer fabrication process. However, monolithic CMOS
MEMS accelerometers fabricated with standard ASIC
process have very small sensing capacitance, of which the
differential relative variation usually on the order of
107" ~1077 F within the bandwidth ranging from several Hz
to several hundred Hz, and that cause low mechanical
sensitivity. Therefore, the main design consideration is how
to suppress low frequency noise and DC offset in readout
circuit design. Furthermore, for wireless devices and
portable consumer electronics devices, the power dissipation
is another critical design consideration for the capacitive
sensing sensors.

One of the readout circuits widely used in CMOS MEMS
accelerometers is switched-capacitor (SC) charge integration
method [1]. The correlated double sampling (CDS) technique
has been used to significantly reduce the DC offset and low
frequency noise. The main drawback of the SC circuit is the
related high kT/C noise with small feedback capacitor. The
other one of the readout circuits is continuous-time voltage
(CTV) method [2] [3]. The chopper stabilization (CS) tech-
nique is employed to reduce the DC offset and low frequency
noise. Both of the two noise reduce techniques could be
integrated into one capacitive sensing readout circuit [4] [5]
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[6]. However, the low noise readout circuits consume a power
of few mW, and the low power readout interface circuits
generate a noise of a few hundred ug/\NHz.

This paper presents both the readout circuit and a CMOS
MEMS accelerometer. In accelerometer design, a specification
driven MEMS/IC co-design flow is proposed. Low noise and
compact accelerometer could be achieved. The proposed read-
out circuit combines the chopper stabilization technique and
the correlated double sampling to reduce low frequency noise
and DC offset.

II.  CIRCUIT ARCHITECTURE

The architecture of the CMOS MEMS accelerometer is
shown in Fig. 1, where the fully differential capacitive bridge
represents the sensing capacitors of the CMOS MEMS
accelerometer. The design goal is to achieve 12-bit resolution
under 1.2V peak to peak output swing with +4g sensing range.
The bandwidth of the CMOS MEMS accelerometer is up to
100Hz. At the beginning, the output noise voltage should be
less than half the LSB, i.e. 14.6uV/AHz for 100Hz bandwidth.
The sensitivity could be 150mV7/g due 1.2V, with +4g sensing
range. Assume the voltage swing at sensor output is lmV/g,
the voltage gain readout circuit can be obtained as 44 dB.
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Figure 1. Architeture diagram of the readout circuit.

Considering noise and linearity, the voltage gain of the
second stage amplifier is set to be 22dB. The gain of the first



stage amplifier with the CDS circuit is 22dB. The input-
referred noise is 97.3nV/VHz. Because low noise circuit design
is more easily to be achieved than MEMS design, the noise
constrain of readout circuit is set to one fourth of total noise.

III.  SPECIFICATION-DRIVEN MEMS/IC CO-DESIGN FLOW

A specification-driven accelerometer design flow is
proposed in this work. The target of this design flow is to find
the minimum occupied area of accelerometer under required
system performance. The geometry of 1-D accelerometer [7]
and simplified lumped model is shown as Fig. 2. The accelero-
meter could be divided into three parts: spring, sensing fingers
and proof mass. In order to minimize the area of the accelero-
meter, the relationship between geometry parameters and
mechanical properties should be found first.

Proof Mass

—
AC

| l Proof Mass
N - m

Rigid frame  Anchor Bexr

@ (b)

Figure 2. (a)Schematic of accelerometer and (b)lumped paramter model of
accelerometer

The differential equation of displacement and external
acceleration of sensor is given by

2
md—zx+b@+kx=mam (1)
d-t dt
where m is the mass of proof mass, x is the displacement of
accelerometer, b is the damping coefficient and & is the
stiffness of spring. With the 1% order approximation, the
equation of displacement can be simplified as

Qe @)

Based on (2), the resonant frequency w, of sensor can be
defined by the maximum displacement at maximum sensing
gravity. For example, with 4um gap process constrain, the
resonate frequency is 4.98kHz with 1% displacement at 1g (g:
gravity). With the maximum displacement, the maximum
voltage swing at sensor output could be found as

4C

S

Vsense = 1 : Vm (3)
2C,+C, d

where Cs is the sensing capacitance of sensor, Cp is the
parasitic capacitance at sensor output node, ¥, is the voltage

swing of modulation signal and d is the gap between two
fingers. The sensing capacitance Cs can be expressed as

C,=Nite,, /d )

where N is the number of fingers, / is the finger length and ¢ is
the thickness of each finger. From (3) and (4), the larger area
of fingers, the higher voltage swing at sensor output node with
fixed parasitic capacitor. However, Cs is limited by noise

constrain of sensor. The Brownian noise of accelerometer can
be expressed as

4k, Th )

Ayn = 9.8m

where k, is Boltzmann’s constant (1.38x107% J/K), T is
temperature, b is damping factor and m is the weight in kg of
proof mass. In capacitive accelerometer, squeeze film
damping is the main contributor of damping factor. The
squeeze film damping is shown as

3

b= 7.2N,ul(tJ (6)
d

u (1.85x10°N-s/m”) is the viscosity of the air under
atmospheric pressure at room temperature. From (6), we can
find the damping factor is proportional to sensing capacitance
with fixed thickness and gap. In order to achieve low noise
performance, the sensing capacitance should be limited and
the proof mass should as large as possible. However, the
sensing capacitance should be large enough to meet sensitivity
constrain. Therefore, the minimum occupied area could be
found under these constrains. The MEMS/IC co-design flow
as illustrated in Fig. 3 is adopted for accelerometer and read-
out performance evaluations.

System Goal: 12bit-resolution

Circuitdesign
Electrical noise<Total noise/4
Accelerometer design
w,=VK/m=x/gwhere x/d =1%

C,=1fF, set C,~150fF
Cs=Cs+1
Sensitivity > 1mV/g
No
Yes
Getdamping coefficientb from C,
Proof mass m=1 nano-gram
m=m+1
Brownian noise
<0.75 Total noise
Yes
Output Cs, k and m for
minimizing occupied area

Set ld1=1uA

(WL)1=1um?
Electrical Thermal

No noise<Total noise/8

Design Gain Bandwidth
Setup chopper frequency

(WL)1=(WL)1L+1

Electricalflicker
noise<Total noise/8

Ye:

s
Get MOSs W/L ratio for
readoutcircuit goal

Figure 3. MEMS/IC co-design flow

IV.  CIrRcUIT DESIGN
A. First stage Amplifier

The schematic of first stage amplifier is shown in Fig. 4.
PMOS FETs are used as the input pairs due to their flicker



noise coefficient which is typically ten times lower than
NMOS FETs. The mean square equivalent input noise could
be expressed as below

Vi=Vi4Vi= 2[4ka2 J[1+g’”3+g’”5]Af o

38 Em 8m
+ 2 {K/p + K, g%; K, g’}}Af
C,. LWL, W), g, WL)s g,

where T is absolute temperature, ¥ and L are the dimensions
of MOSFETs, C, is the gate capacitance per area, f is
frequency, Ky, is the PMOS flicker noise coefficient, Ky is the
NMOS flicker noise coefficient, and gm is transconductance.
From (7), the larger size of MOSFET, the lower flicker noise
of MOSFET. On the other side, parasitic capacitance at input
node of amplifier will be larger. However, based on (3), large
parasitic capacitance will degrade the sensitivity of sensor.
Another design parameter for low noise is the transcon-
ductance. Large transconductance of input MOSFET will
suppress noise level but also consume more current.

Vdd

Figure 4. Schematic of the 1* stage amplifier.

To simplify the design flow, g,,3/2,,; and g,5/g,,; are set to
less than 0.1 then the noise contribution of MOSFET 3~6
could be negligible. Based on (3), C, is set to 150fF for
acceptable Cs. Because it easier to design low noise circuit
than MEMS accelerometer, the electrical noise is set to one
fourth of total system noise. The size of MOSFET could be
found from (7) by increasing bias current slightly until meet
the noise specification. The buffer is used to drive loading
capacitors of CDS circuit.

B.  Chopper Stabilization Technique

The principle of chopper stabilization is illustrated in Fig.
5. The approach applies modulation to transpose the signal to
the chopper frequency, while the noise is unaffected. After the
second multiplier, the signal is demodulated back to the
original one, and the offset and noise has been modulated to
the chopper frequency. This chopping operation results in and
equivalent input noise spectrum that is shown in Fig. 5, where
the offset and noise signal has been shifted to the odd
harmonic frequencies of the chopper frequency. A low-pass
filter can be used to reduce the amplitude of the offset and
noise. Therefore, if the chopper frequency is much higher than
the signal bandwidth, the flicker noise will be greatly reduced
with this technique.

fe
@) ®) &, (©
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&

Figure 5. Concept of chopper stabilization technique.

C. Corrected Double Sampling Technique

The correlated double sampling technique is used to
subtract out error voltage with two sequential samples. The
technique is illustrated in Fig. 6.

Ceds Q1 02 Vb
. Ceds —-
Vot Vbl

Ceds e
G il

Ceds

Figure 6. Schematic of correlated double sampling.

During phase one, Ccds is charged to the output. During
the complementary phase, the output drives the series of the
pre-charged Ccds. Due to the input chopping, the output
voltage Vo is

V,)=A4[-V,D+V,,, 1] (©)

V(D)= AL, Q)+, ©

where Verror is the offset and the flicker noise. By inspection
of Fig. 6, during @1, we have

chs (1) = _I/o (1) Ccds . (1 0)
Therefore, during®2, the voltage across Ceds becomes
Vo (2)= [V, D)+V,DCss _ AV, - (11)

Ccds

that is showing that the Verror is subtracted by CDS. The
output of the first stage amplifier is differential. Therefore, the
complete scheme of the method as shown in Fig. 6 can be
realized that uses two CDS structures working on both outputs.
The 2kT/C noise of the output sampling is negligible

compared to the input divided by A12 .



D. Second Stage Amplifier

The second stage amplifier is the folded cascade amplifier
as shown in Fig. 7. An input with PMOS FETs is used due to
lower flicker noise coefficient. The differential offset inputs
are designed for compensating the sensor structure mismatch.
Large capacitance can reduce the unit gain frequency and
increase the phase margin. For the circuit architecture, the
close loop amplifier of the second stage amplifier could be
used as a low pass filter to remove the modulated noise signal.
The second stage amplifier offers the gain of Ca/Cc.

Figure 7. Schematic of folded cascode amplifier.

V. SIMULATION RESULTS

The proposed readout circuit and CMOS MEMS accelero-
meter is implemented by TSMC 1P6M 0.18um CMOS mix-
signal technology. The readout circuit operates with supply
voltage 1.8V. The circuit is simulated in Cadence design
environment using Spectre simulator. The chopper frequency
is 100kHz. The designed open loop gain of the second stage
amplifier is 70.75dB. It achieves a 129Hz unit gain band-
width with a 88° phase margin at a 10nF load. The input
signal of readout circuit is #4mV with +4g sensing voltage.
The noise simulation is achieved by periodic noise analysis
with Spectre. The output square noise power after the CDS of
the first stage amplifier is shown in Fig. 8.
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Figure 8. Simulated output square noise power

Rooting the integration the square noise power from 1Hz
to 100Hz being divided by the bandwidth, and then the 22dB
gain of the first stage amplifier, the With CDS and CS, the
input-referred noise is 9.82nV/A/Hz for 100Hz bandwidth, but
the noise is 3.23uV/NHz for 100Hz bandwidth without CDS
and CS. The specification of the system is shown in Table 1.

TABLE L SUMMARY OF ACCELEROMETER SPECIFICATIONS
System specifications
Resolution 12bit
Output swing 1.2V
Sensing range +4g

Accelerometer specifications

Sensing Cy 4x30fF
Resonant frequency 4.98kHz
Mechanical noise 20.65,ug/\/Hz

Area (without/with rigid frame) 600umx470um / 700umx570um

Circuit specifications

DC gain 44dB
Input-referrd noise 9.82 nV/NHz
Power 36ul

VI. CONCLUTIONS

The proposed circuit provides an effective solution to
micropower low noise CMOS readout circuit. The CS and
CDS technique is realized to reduce the offset voltage and
flicker noise. The simulation results show the input-referred
noise is 9.82nV/AHz for 100Hz bandwidth and the power
dissipation is 36uW. The circuit is useful due to the low noise
and low power consumption. The MEMS/IC co-design flow
of CMOS MEMS accelerometers provides effective system
evaluation for monolithic CMOS MEMS accelerometer with
readout circuit design.
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A first fully integrated cascode Class-E power amplifier (PA) operating in
2.5GHz/3.5GHz/5.2GHz frequency bands for polar transmitters is fabricated in 0.18mm
CMOS technology. The phase distortion is compensated by controlling the common-gate
transistor gate voltage and a compensative capacitor. To enhance the performance,
MEMS process is applied . Measurement results show that the maximum drain efficiency
of 13.2% and output power of 10.3dBm can be achieved at the input power level of 6dBm
from 2.8V supply in 3.5GHz frequency band. The phase distortion can be compensated to
6° under supply voltage of 0.5V to 3V in 3.5GHz frequency band. A system co-
simulation has been established for relative constellation error (RCE) evaluation and it
reveals that the proposed compensations techniques make the RCE improve to meet the
requirements of WiMAX and 802.11a systems in the tri-band.
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