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Abstract: A switched capacitor amplifier for measuring absolute pressure with a micro-machined capacitive pressure
sensor using correlated double sampling has been designed in 130nm CMOS technology. The switched
capacitor amplifier design uses a combination of correlated double sampling, input offset cancellation, and
output offset cancellation to help reje%tnoise and DC offset mismatch. A method for sizing the opera-
tional transconductance amplifier (OTA) components according to the system noise, accuracy, and bandwidth
requirements is presented.

1 INTRODUCTION is used to stimulate the capacitive pressure sensor is
the capacitive bridge from Figure 1, and everywhere

This paper will describe the design of a system for throughout the system, the switcH&&andSL are ac-

measuring absolute pressure with a micro-machinedtivated by non-overlapping clocks.

capacitive pressure sensor. The design will be used

in a blood pressure sensing wireless medical implant S0 g1 Vstim
(Buhk et al., 2010) which will be permanently im- = )
planted inside an artery and powered through RF in- Co+ Cs c
ductive wireless power transmission (Bradford et al., °
2012). Va E Vb
The wireless implant will be placed inside of the Co o
artery whose pressure it should monitor, necessitating Vstim
small size and low power consumption. The goal of R —
the whole design process is to create a system which 50 s1

delivers the required sensor resolution, at the neces-Figure 1: The capacitive pressure sensor as part of a capac-
sary noise levels, with the lowest power budget. itive bridge.

The pressure sensing capacitor has a nominal ca-
pacitanc& and a sense capacitar@gwhich is a lin-
2 CAPACITIVE PRESSURE ear function of the applied pressure. Using superposi-
SENSOR tion theory, the change in voltage at ndgegenerated
by the switch transitiolyy — S can be calculated as

The theory of operation of a capacitive pressure sen-a function 0fVsiim (1).
sor is based upon the general formula for capacitance

Cs
€A AVap = Vstim=——— 1
C= F ab S“mCSJrZCo ( )
wheree is the relative permittivityA is the area, and The maximum expected input signal peak-peak

d is the separation between the capacitor’s two elec- SWiNg AVap,,,,, can be calculated by substitutidy
trode plates. When pressure is applied to the sen-Wwith the maximum expected peak-peak capacitances
sor, the electrode plates are squeezed together resultef icgrgax. For the output swing, ¥pp is the max-
ing in a larger capacitance value. The circuit which imum output voltage Ievel\/outpp = 2 Vpp, and the
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required closed loop gain (2) can be used to find the

value for the feedback capacitar@ein Figure 2.

2 Vstim 2GCo
= [ — 2
Aci Vo, G (2)
2Cy
C = — 3
f A ©))

3 SC NOISE ANALYSIS

The SC amplifier is a fully differential SC am-
plifier with input and output offset compensation
(Fig. 2) (Enz and Temes, 1996). During SC switch
phaseS0, the amplifier is in unity gain configuration
where the OTA's DC offset voltag¥,s and the sys-
tem noise voltag®, o, ... are sampled across the
nodesy,, (4). During phas&l, Vos, the system noise
voltageVy,,« s @Nd the capacitance to voltage con-
version resultAVyp, are applied across,, (5).

Figure 2: Schematic of the capacitive bridge and the SC
amplifier with associated parasitic capacitances.

VXabSO Vos+ VXabSDnoise (4)
VXabSl Vos+ VXabSlnoiseJr AVap ()
Viwsi- = AVat anbSOnoiseJr VXabSlnoise (6)

3.1 SC Noise Analysis for Phas&0

To determine the noise from switch ph&&k the cir-
cuit from Fig. 2 can be reduced to the circuit in Fig-
ure 3.

_”_}f“

¥
0 zci; ATynf/gm g o

2*4KTynf/gm

T akTynf/gm
. TYOLE

Rer=2/gm

Figure 3: Schematic of the SC amplifier during phase SO.
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The circuit from Figure 3 has the OTA in unity
gain feedback which results in a differential thermal
output noise voltage which is equal to the sum of the
OTA's input devices’ input referred noise voltages (7).

V2

Yin
noiseyra = 2% (4kTg—m) nf (7

They factor for this 130 nm CMOS technology has
been determined by performing Spectre small signal
noise analysis simulations (Figure 4). The simulation
results show that thefactor has a strong correlation
tomthe MOSFET's transconductance efficiemgy, =

g~

Y - gamma factor

200n|

gth L

2u
357 20u Channel Ler

Figure 4. Plot of they noise factor against the channel
length and transconductance efficiency. The data was col-
lected by performing SPICE small signal noise simulations
on a 130 nm CMOS technology NMOS device.

From (7), nf is the noise factor which scales
the OTAs input MOSFET device’s input referred
noise up to the total output noise voltage of the
OTA (Sec. 4.1). The OTA's thermal output noise is
bandwidth limited by the noise equivalent bandwidth
(NEB) (9) (Baker, 2011).

NEB — Gng
gm
cBw - —9m 8
21(2 Ceq) ®
gm
NEB — 9
4(2Ceq) ®)

The parameteCeq is the differential load capaci-
tance across the outputs of the OTA during switching
phaseS0. At the nominal pressure whe@g = 0, Ceq
can be derived as (10).

Ceoa 2Co +Cpar1 +Cs
Ceq) 2Co +Cpar2 +Cs
Ceq,Ceq,
— 2 10
Ceq Coq + Coq (10)

The OTA input referred thermal noise, (7), multi-
plied by the NEB (9) which is bandwidth-limited by
Ceq (10) results in a noise voltage acragg of (11)
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2 KT and it is energy limited by the NEB resulting in a total
= —Yy.nf (11) : ; ; P
XabSOnoise  Ceq " input switch noise contribution of (15).
After the SC amplifier has switched to pheSk VOZutnois = (2%4kTRs) A3 NEB
the noise charge gets transferred to the output nodes RS KT
as a function of the feedback facter(12). Vozutno-s.p = — AjRagmF (15)
[ S1 f'f
Vout = V[X:ab (12) The other noise contributor for pha&t is the

OTA's thermal noise. As it was for switching phase
0, the input referred thermal noise of the OTA is (7),

L, Ve CL. and the output noise is the input noise dividedfby
o 20 + 20 Lo + and bounded by the NEB (16).
Cpart Vout Vout nf 1 m F
2Co ==, - VOZHOISQJTA = 8T V.n E2 :
r.L“_\_]Q 2Co |Cpire gm F< 8Ce
- af. KT y,, nf
f
L o VOZHOiSQ)TA ~ Cer F (16)
Figure 5: Equivalent schematic for determining the feed-
back factor (13). "
From Figure 5,F is the transfer function from the 2o | cpart
OTA's output to its input (13).
Cs ==«
Via 2
F= Vour St | (2Co+Coan) (Xo+Cpare) (13) oz
2 (2Co+Cpar1)+(2Co+Cpar2) 4 o
The final output noise contribution from phaSg —I#“—o—

is found by combining (11), (12), and (13) into (14). Figure 7: The circuit used to determine the OTA effective

output capacitancge.
KT vy, nf
V2 (24)
Ouhoisen Ceq F2 Figure 7 can be used to calcul&@gs, and after a
. . bit of algebraCiest can be expressed as (17).
3.2 SC Noise Analysis for Phassl Jepraet . P (17
f
. . =C+—=—(1-F 17
The switches in the feedback and output path of Crett =G 2 ( ) (47

the circuit can be ignored if their resistanBgy < Summing the two noises (15) and (16) results
gwr (Murmann, 2012). The two remainir@l noise  in (18), which is the total SC pha&a noise contribu-
sources are the input switch resistive noise and thetion.
OTA input referred noise voltage (Figure 6).

nf
Vioises = & (AdRagmHV > (18)

B From (18), if the following condition is fulfilled:
- 2 yin nf
par1 | 2*4kTy/gm R m F —
o Loy _”__L ) Ac Ra gmF < “E
- o s1 then it is safe to consider only the OTA's noise con-
tribution for the phasé&l noise. With this simplifi-
o cation, (14) and (16) can be summed together to give

— ' the total system noise (19).

Figure 6: Schematic of the SC amplifier during phase S1.

i nf( 1 1 )
V2 =KT— [ =+ — 19
First, considering the switch input noise, the S1 noisqotal — =" F \ CeqF ' Cefr (19)
switch noise generators produce a differential noise
voltageV,2 hoisanpu — 2 * 4KT Re1. This noise voltage is

amplified by the closed loop gain of the amplifidg;,
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4 NOISE FACTOR AND ClI

nf — <1+ —yzgmz) (28)
For an ADC with arN bit resolution, the total allow- Y 9m
able error is (20). Thenfdesign parameter can be expressed in terms
V2 of transconductance efficiency values (29), normal-
gfotal - % (20) ized to the input device drain current (30).
107 10
gm
Eotalpy = \/Eora2V2 (21) lom = - (29)
Eq. (21) gives the peak-peak noise error budget nfo— 14 ld, YoNgmy (30)
for the system. The required thermal noise SNR is N ldy Yy Ngm,
increased by a few dB, denoted BNRyra in (22),
so that only a fraction of the total error will be given .
to noise (23). =
V2 k 2" A — ,.00‘“”““ 500 >
2 signal 8 IR o £
Enoisems 106.02*N+1.16T§N§x1@ (22) £ o s
7(SN%§I[Q> ‘%ZU [j Jﬁ 7‘2 [ — 4‘ 300%‘
noise fraction = 10 : (23) g x.“-,_«""x sgmoverid |8
%10 ‘#Vdsat " ZDDIE:‘;
Choosing a value foCgs based upon its expected ¢ o - N
length and width, therCeq and F can be solved. | 5‘..»‘" e ;
(19) and (22) can be combined to form (24) and (25), O ncsfanniBerscsssssnccscsnses’ |

£§38388303 32088 8BR8588888788888188¢88

ERR=J=J=Jp=J=Jp= D= s Sk B= gt B B PSS = v BN A I B = I =

from which thenf or theCef can be determinedbased -~~~ "~~~ -~~~ "~ ""5588%8s LR

W/L ratio for Id=1pA
on the circuit noise requirements. ] _ ] ]
Figure 9: Spectre simulation results sweeping char%el

EﬁoiseF ratio with fixedlg = 1pAof a 130nm N-type MOSFET.
nf = ) . (24)
KTy, (CeTF + Cl_eff) Using the data from Figures 4 and Yandngm
G KTy, nf CegF (25) values can be chosen which allows the amplifier to
- . :
€ €2, 2 Ceq— KTy, nf meet thenf and output swing requirements.
4.1 Noise Factor Determination 4.2 Gain, Settling andgm

The total OTA noise is a summation of th&” gm The remaining error available for the settling is (31),
noise currents to the output (26), and the OTA noise and the gain and bandwidth of the amplifier must be
factor,nf, input refers the total output noise to the in- great enough to settle the output to withige in

put devicegmby dividing bygn® (27). only % period of the SC amplifier clock. The settling

error is comprised of the static err@gasc (33), and
‘4:(3{ @ Thw=4kTy.gm: J_:Ci

the dynamic erroggynamic(34).
Tnoise=Tnvi+ I

,(SNFéxtra>
Esettling = Etotalpp (1 —-10 10 > (31)

=« < . .
s , T The amplifier's loop transfer functiofy (32) de-
;‘ M1 I =4KTy:gm: termines the static error (33) of the analog conversion,
Veetgh i L g whereAy is the open loop gain of the amplifier.
m Y gmy,
Figure 8: Input referred system noise current. To = AF (32)
1
Estatic = —
2 To
Inoise;ul = 4KT (y,gm +y,gnp) (26) 1 (33)
Estatic = H— 33
Vs = AT <1+ M) 27) AoF
gmy Y. 9my

The dynamic error of the amplifier is determined
using the amount of time available to settleand the
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T = RotaCioad time constant of the OTA (34). At low Table 1: Pressure sensor system design constants.
SC clock speedd; is % the SC system clock period, Temperature 38C
Rotais the effective resistancgr%—p of the amplifier, 2Co 12.0pF
andCipag = 2 Ciett is the effective output capacitance Ceving, 1.6 pF
p
of the OTA OUtpUt node. I Vabmaxpp (1) 160 mV
Edynamic = € T Voutpp 2.4V
__gmF Aq 2 157
€dynamic = € #1sceft (34) Cs 53; 800 IYF
Equations (33) and (34) can be combined to Chond pad 5.5 pF
form (35). G 4.6 pF
Esettle =  Estatict Edynamic Vstim 1.2VDC
4Cieef € 20) | 1.172 mV
gn = - ;ﬁ *In (ssettling* sstatic) (35) tota (20)
Forgmto be real and finite (36) must be true. Table 2: CDS system design values.
1 (36) oo Zksps | 40ksps | 400Ksps
Esettling F Cys 100fF 500fF 1.5pF
Solving (35) for minimum open loop gain results in Ceq (10) | 7.58pF | 7.79pF | 8.3pF
infinite gm, and solving for minimungmrequires in- E (13) 0_053% 0.051¥ 0-048\6
finite Ag (Fig. 11). Increasingy by a few dB quickly Ceett (17) | 4.98pF | 4.98pF | 4.99pF
results in near minimungm requirements. Witlgm SNRwa(22) | 2.2dB | 2.1dB 2 1dB
from (35), and the input transistogm ratio for the Enoser. (22) | 5220V | 529V | 529uV
requirednf, then the drain current through each input ssettl?:: (31 [ 452V | 436 | 4200V
device is (37). gm Noax  (24)| 3.62 | 3.60 2.69
lg = Nam (37) gm,., (35)| 11.6uS| 120pS | 1.282mS
With Iq andngm, Figure 9 can be used size theratio ':Om‘“ Fi(g%sg 92;édB 93é%dB 982'95dB
i 9Mn .
for each transistor. Yo Fig. 4| 035 0.35 0.45
Ngmeag FIQ- 9| 14 14 14
Fig. 4 0.6 0.6 0.6
5 SC AMPLIFIER DESIGN \é‘?a" (%8) 357 357 56
EXAMPLES Ao Fig. 11| 102dB | 102dB | 102dB
gm Fig.11| 12.3uS | 126uS | 1.364mS
The system has been designed to measure absolute |, (37) | 440nA | 4.29pA | 54.6pA

pressure with the Protron-Mikrotechnik capacitive
absolute pressure sensor using a 1.2 VDC stimulation
voltage at the human body temperature ofG8Ta- M—SEJ Vb1 @? .
ble 1 lists the design parameters which are to be used

in the SC amplifier design.

Three different designs have been created with the
Cadence Design Framework using the UMC 130nm
technology, and the design variables are listed in Ta-
ble 2. The amplifier architecture which is used for
each design is the gain boosted folded cascode am-
plifier from Figure 10 (Bradford et al., 2013) which
is able to provide 102 dB of gain over the required
+850mV of output swing. Eq. (38) is used to select
they andngm values for the amplifier.

| | . _ . .

nfe 14 (2) Y2Ngmp <$) YsNgms (38) Figure 10: The gain boosted folded cascode amplifier.
lg, / YiNgm lg, / YiNgm

Plotting (35) forfsc = 4kHz Figure 11, allows a

systemgmto be selected based on an open loop gain . . ) .
0¥A0 ilg102d B. P Pg DC simulations are used to fine tune the transistor

dimensions until they have the desirggm values.

5.1 Amplifier Design Verification
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Transconductance pS
el

gm min12
90 100 110 120 130 140
Ao min Open Loop Gain dB
Figure 11: Plot of gm versu&g from (35) for fsc = 4kHz
showing asymptotic behavior at minimugm and mini-
mumAg.

Then, two different analyses, ac and pss/pnoise, are
performed on each of the three amplifiers. The ac

to 400 kHz.
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6 CONCLUSIONS

This paper has presented a method for measuring
a commercially available micro-machined capacitive
pressure sensor with a switched capacitor amplifier
using correlated double sampling. The SC ampli-
fier, with its unbalanced input load capacitances, is
analyzed for noise and bandwidth requirements. A
method for designing the amplifier to meet the noise
requirements as a function of the OTA noise factor
nf and transconductance efficiency valuggm, has
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a method for achieving the settling requirements as
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Design Framework Il, and verified using various Ca-
dence Virtuoso Spectre simulations over an operating
frequency range spanning three decades from 4 kHz
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