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Abstract

When the heart does not function properly, an arti�cial pacemaker is

neededto correct the heart beat. However, more functionalit y at limited

budget requires less power per functio n. Therefore, the power consump-

tion of the pacemaker has to be reduced. The analog to digital converter

in the pacemaker consumesthe largest amount of power in the front-end,

called the senseampli�er. Hence, an ultra low power ADC is . In this

work, the IECG signal is �ltered by band pass�lter 50mHz-100Hz. Then,

the signal output of the �lter is converted to current by transconductance

cell(Gm). The output of the Gm-cell is digitized by a Current Successive

Approximation ADC. Circuit Simulation predict the overall system con-

sumesthe lowest power,416nW reported when compared with the state of

the art .
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1 In tro duction

In this chapter, a background about the functionalit y of the heart is intro duced.

An overview of the pacemaker is presented. ECG signal is explained brie�y . In

order to have good understanding of low power circuit design,di�eren t aspects

of weak inversion operation of CMOS transistors are explained. Finally, the

motivation and outline of the thesis is presented.

1.1 Background

The heart as electrophysiological system controls the speedand rhythm of the

heart beat. An electrical signal goesfrom the top of the heart to thebottom with

each heartbeat. In the sinoatrial node (SA node) the cells generatselectrical

signalswith a frequency of about 70 beats/min . Thesecells (pacemaker cells)

directly control the heart rate. The electrical signal is triggering the rhythmic

contractions of the heart muscle. The whole heart takes about 100ms to be

excited. It takes the heart, at rest ,180msto conduct from the sinus node to

the atrio-ventricu lar node (AV) as shown in Fig. 1[1].

Figure 1: The four-chamber systemof the heart and the excitatory and conduc-
tiv e system[1]
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The Alrio vertical conduction time (AVCT) is controlled by the autonomous

nervous system (ANS). If the body goesthrough physical or emotional stress,

the heart rate increases.

1.1.1 Pacemak er & ECG

� Pacemaker

A pacemaker is a medical device that delivers low-energy electrical pulses to

correct abnormal the heart beat, via the electrodesconnectedto the heart mus-

cles,asshown in Fig. 2 [2]. The main functionalit y of the arti�cial pacemaker is

to regulate the heart rate as the heart's natural pacemaker is too slow or absent

[3].

Figure 2: Pacemaker inside the patient's' chest[2]

A pacemaker consistsof a battery, usually a lithium battery, processor(gen-

erator) , wires with electrodesconnectedto the heart. The generator is placed

below the chest wall above the muscles. A metal box contains the battery and

the processor.The metal box is fabricated with titanium in order for the body

not to be rejected [4].

14



The processor ,which is a IC, sends the electrical pulses to the heart to

correct the beat. The chip is programmed to sendthe correct type of pulsesto

the heart. Also, the IC chip records the activit y of the heart in order for the

doctor or specialist to tune the pacemaker to perform su�cien tly depending on

the heart rhythm.

� ECG

The pacemaker needsto monitor the heart beat in order to supply the right pulls.

A recording of a human heart beat is known as Electrocardiograph (ECG) and

is shown in Fig. 3 [5].

Figure 3: Frequencyvs Amplitu de for ECG Signal[5]

The ECG can be measuredby placing electrodes on the skin. Electrodesare

placed in di�eren t sidesof the heart in order to measurethe di�eren t activiti es

of the heart. If there are any damagesor abnormal rhythm, the ECG givesclear

indication about the overall rhythm of the heart[6].

From Fig. 3 , an ECG signal hassubsequent waveswhich are labeledP, Q, R,

S and T. The wavesoriginate from the depolarization and repolarization of the

musclesin the heart. In this thesis, QRS complex and T wave are consideredas

required by the pacemaker. The signal which are detected by the electrode are

15



converted to digital by ADC inside the pacemaker. The Internal ECG signal has

frequency-band(50m~100Hz) and amplitude 5mV[5]. To �lter the IECG with

low noiseand an utral low power, transistors have to opearte in weak inversion.

1.1.2 W eak In version CMOS

In weak inversion, QI(in version layer charge) is an exponential function of gate

voltage as show in Fig. 4 [7]. Also, QI is much less than the depletion region

charge (QB)[7, 8].

Figure 4: Region of Operations of a Transistor[7]

In weak inversion, currents �o ws by di�usion, not drift, becausethe channel

doesnot have enoughcharge to generatea signi�cant electric �eld which pulls

electrons from the source to the drain.

16



Drain current and gm are expressedby Equ. 24,25. The MOSFET in weak

inversion behavesvery similar to bipolar transistor[7, 8, 9, 10]

I D =
W
L

I D O exp(
�V g � Vs

VT
) for VD S � 4VT (1)

Where I D is the drain current, W is width, L is length, I D O is zero-biascurrent,

Vg is gate voltage, Vs is the source voltage, V T is thermal voltage, � is gate

coupling coe�cien t.

gm =
I D

nK T=q
(2)

Where K is 1:38: 10� 23J/K (Boltzmann's constant), q is 1:60: 10� 19 C

(elementary charge), T is temperature, n is sub-thresholdslope.

As noticed in Equ. 24, I D changed as V gs increased. Also, gm is function

of drain current and n(sub-threshold slope). To keepa MOSFET in saturation

V D S should be greater or equal to 4V T , approximately 100mV, as shown in

Fig. 5 [7].

17



Figure 5: I D S vs I D S in Weak Inversion[7]

To have better understanding of the whole system, an accurate equations of

the parasitic capacitanceis needed. The parasitic capacitancein weak

inversion are calculated as follows[11].

Cgs = Cox: I f (3)

Cgd = Cox: I r (4)

Cgb = Cox:
n � 1

n
(5)

Where Cgs is gate-to-sourcecapacitance,Cgd is gate-to-drain capacitance, Cgb

gate-to-bulk capacitance,Cox is the gate oxide capacitanceper unit area, I f is

forward normalized current, I r is reversenormalized current and n is

sub-threshold slope.

18



The value of sub-threshold slope(n) varies in di�eren t technologies. In this

design,n is calculated by simulating single NMOS and PMOS. The fundamental

minimum of n is 1. Also, the value of the n dependson the value of the current.

The value of n for NMOS and PMOS is plotted in Fig. 6,7. Giving the operation

current of the �lter of 37nA, nN M OS is equal to 1.62 and nP M OS is equal to

1.945. The sub-thresholdslope(n) is calculated by Equ. 25.
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Figure 6: Drain Current vs sub-threshold slope of Single NMOS
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Figure 7: Drain Current vs sub-threshold slope of Single PMOS

As shown in Fig. 6,7, as the current increasedthe value of n increased.
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1.2 Motiv ations

The life time of pacemaker is approximated to be around 5 to 10 years-an aver-

ageof seven years [12]. However, more functionalit y at limited budget requires

lesspower per function. Therefore, the power consumption of the pacemaker

has to be reduced. The analog to digital converter in the pacemaker consumes

the largest amount of power in the front-end, called the sense ampli�er. Also,

noiseis major concernwhen an ultra power circuit designis needed.To achieve

such low power, transistors operating in weak inversion have to be used. A

current SAR ADC is proposedto reducethe power consumption. In this thesis,

the input of the pacemaker is �ltered and converted to current. The total sim-

ulated power consummation is approximately reduced by 50% when compared

with the state of the art designs. In addition, becauseof the current DAC, the

sizeof the pacemaker is smaller than other designs which implement a voltage

DAC.

1.3 Thesis Outlines

In this thesis, Chapter 2 intro ducesthe systemlevel designand architecture. A

literature review of the state of the art designis presented. Designmethodology

of the �lter and ADC is explained in details. Matlab simulations are performed

to show the advantagesand disadvantagesof the di�eren t system level design.

In chapter 3, a bandpass� lter circuit is designed. Di�eren t topologiesare

discussedin great details. Noise and power are optimized to get the required

performance. Several challenges like leakageand non linearit y are presented

and solved.

In chapter 4, voltage to current converter is designedusing Gm-cell. The

output current of the gm is chosencareful to minimized the power. The linearit y

of the gm is discussed. Di�eren t linearization techniques are explained brie�y

20



with necessarysimulations.

In chapter 5, the system and circuit design of the ADC is presented. Each

block is discussedwith all the di�eren t designchallengesand trade o�. Current

mirror is presented in great details since it is essential element in the current

SAR_ADC. Statics and dynamics performanceare presented by simulation re-

sults with Monte Carlo and processcorner.

In chapter 6, the whole system is connected to each other and simulated.

Monte Carlo and processConner simulations is performed to test the robustness

of the overall system. Comparison betweenthe recent state of the art design is

presented.

In chapter 7, a summery of the thesis with futur e recommendations are

intro duced. Also, the design contributions are listed as points.
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2 System Arc hitecture & Design

In this chapter, an over view about the previous works is intro duced. literature

review about low pass �lter and di�eren t t ype of ADC's is explained. Design

methodology of the low pass�lter and ADC's is explainedin details. The system

level designof this work is intro ducedwith details about the systemparameters.

Matlab simulations of the ADC is intro duced to verify the system level design

performance.

2.1 literature Review

In order to construct a bio-signal interfacefor wearable or implanted biomedical

devices,certain system requirements should be meet. Most of the advancesys-

tem required the output to be digitized for more su�cien t processing.The input

signal should go through very low frequencypass�lter to relax the requirements

on the ADC. The main requirements of the ADC is to consumelittle power to

facilitate its integration with low-power digital circuitry .

2.1.1 Very low Frequency pass Filter

A signi�can t amount of research has beendedicated seekingways to have very

low frequency pass �l ter. The most conventional way to desing a very low

frequency pass �lter (50mHz~100Hz) is to have RC �lter with large capacitor

or large resistor which is not practical in low power low noiseIC design. Large

R and C consumeslarge amount of power and produc a lot of noise.

Another solution is to implement a Gm-C Filter. As state in the literature ,

two stage Gm cell are neededto implement a bandpass�lter as shown in the

Fig. 8 [13].
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Figure 8: Gm-C BandpassFilter

In Fig. 8, two active Gm-C stageshas two poles to implement bandpass�lter.

The low cut o� frequency and quality factor are calculated by Equ. 6,7

respectively.

W o =
q

g1 g2
C 1 C 2

(6)

Q =
r

g1

g2

C2
C1

(7)

Wo and Q can be controlled the ration of C2,C1 and g1,g2. However, there are

several drawback to the two stagedesign:

1-Complexity.

2-Higher power.

3-Lower DR.

4-Typical tolerancesfor both C and gm are in the range of +30%.

Finally, MOS connecteddiodes in parallel with capacitor could be used in

the feedback of an ampli�er as shown in Fig. 9[14]. More elaborate explanation

will be in Chapter 3.
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Figure 9: Very low Frequency BandpassFilter using MOS connectedDiodes.

2.1.2 Data Con verters

In order to choosethe desire type of the analog to digital converter, di�eren t

typesof ADC's have beenstudied. ADCs can be divided into nyquist-rate sam-

pling and over-sampling converters. For example, Sigma-delta ADCs are used

for high bit resolution and demand high clock frequency to over-sample the

input signal. The over-sampling ADC consumeslarge power and requires com-

plex circuitry . Therefore,Sigma-deltais eliminated for this work's requirements.

Nyquist-rate ADC converters can be divided into three categories:

(1) Flash

(2) Pipeline

(3) Successive-Approximation

1-Flash ADC usesa voltage ladder with a comparator. At each step of the

ladder, the input voltage is compare with a referencevoltages. The ladders

are implemented by resistors or capacitor. The output of comparators is fed

into a digital encoder as shown in the Fig 10. For each additional bit, twice the

amount of comparatorsare needed.Therefore, the power consumption is higher.
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As a result, Flash ADC is usually usedfor low bit resolution and high-frequency

applications.

Figure 10: Flash ADC

2-PipelineADC usestwo or morestepsof subrangingADC. First, it performs

a coarsequantization of the input. Second, it calculates the residueof the �rst

step using DAC and subtractor. Third, it performs a �ne quantization on the

residue and adds it digitally to the output as shown in the Fig. 11. For each

additional bit, one comparator is needed. Therefore, the power consumption

would be higher. The power consumption of pipeline is lessthan Flash ADC.

However, pipeline ADC require more design time than Flash ADC. As a result,

Pipeline ADC usually usedfor high bit resolution and high frequency.
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Figure 11: Pipeline ADC

3-Successive Approximation (SAR) performs the conversion over multiple

clock periods by exploiting the knowledgeof previous bits to compute the next

bit. The method aims to reducethe circuit complexit y and power

consumption using a low conversion rate by allowing one clock period per bit

(plus one for the input sampling). The sampled input comparedwith half of

the full scale. Then throughout the clock periods, the next sampled is

comparedwith the output of the DAC. The algorithm is controlled by Logic

circuit as shown in Fig. 12[15].

Figure 12: SAR_ADC

SNDR versus sampling frequency is plotted for di�eren t ADCs to know the
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trade o� as shown in Fig. 13 [16].

Figure 13: SNDR versusSampling Frequencyfor di�eren t ADCs [16]

2.2 System Design and Arc hitecture

Di�eren t �lte r implementations are discussed in this section. Also, di�eren t

ADC's is explained to meet the requirements of the system. Advantages and

disadvantagesof two systemsdesignsare discussedas well.

2.2.1 Filter Design Metho dology

The value of R or C in RC low pass�lter should be very big to �lte r such low

frequency(50mHz~100Hz)according to Equ. 9,8.

Output (F il ter )
I nput (F il ter )

=
1

1 + s�
(8)
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f lo w =
1

2� RC
(9)

For low power low noise,R can not be very big becauseit would intro duce

a lot of noise. Also, C can not very big becauseit consumes a large ship area.

For example, to �lter an ECG signal, the value of the C would be around 3.2nF

with R=1G or 318G
 with C=10pF which are not practical in IC.

To solve this problem, the resistanceor capacitanceshould be larger without

enlarging the actual value of R or C. There are several methods to ampli�ed

capacitanceor resistance.First, the gm of the Gm-C cell could be usedinstead

of the R in the RC �lter as in Equ. 11,10.

� =
C
gm

(10)

f 3dB = gm=2� C (11)

gm could be control by the input current. However, as stated in 1.1.1, two

Gm-C �lter stagesare neededto implement bandpass�lter[13].

In[17][18], CMOS trio de transconductor could produce gm down to hun-

dreds of pA/V. Such transconductor could be used in gm-C �lters with cut-o�

frequenciesin the range of Hz and sub-Hz. The gm value is controlled by a

transistor size and Vds. However, for the application of the design, �lter pro-

posedhasrelatively a large chip area,high noise, poor THD comparing to other

techniques[19].

Second,the �lter could beimplemented by R, MOS Pseudoresistorelements[14],

and a capacitor. In [20, 21], the value of the capacitance is ampli�ed by Miller

integrator as shown in Fig. 14[20].

28



Figure 14: Bandpass Filter Implementing a Mille r integrator

The Miller integrator is placed within its feedback path where A2 provides a

voltage gain . The active Miller integrator is made from a second ampli�e r.

However, it su�ers from input signal variations,non linearit y. Also, two active

elements are neededto implement the � lter which increasethe power

consumption.

Harrison implements low-noiselow-power single-endedoperational transcon-

ductance ampli�er (OTA) with capacitive feedback[14]. The low cut o� fre-

quency is calculated by Equ. 12 [14].

f l ow =
1

2� CR � Pseudoresistor
(12)

The key point to have a large R-Pseudoresistoris control gate voltage of the

CMOS connecteddiode.

However, the MOS- bipolar resistancein [14] is highly dependent on the out-

put signal level, which results in distortion and low-cuto� frequency variations.

Olsson et al . implemented MOS-bipolar pseudo-resistorby controlling the

gate of NMOS pair in weak inversion.[22]. Horiuchi et al. reported gate con-

trolled nFET biased in weak inversion[23]. Parthasarathy et al. presented

PMOS connecteddiode and using the input capacitance of the OTA as the C

in the RC low pass �lter[21]. In the caseof large signals, distortion will oc-
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cur due to the degradation of the low frequency gain causedby the decrease

of the pseudo-resistor. Mohseni et al. used gate voltage controlled NMOS

pseudo-resistorswith resistive feedback[24]. Resistive feedback is implemented

by trimming laser resistor which is programmed only once. Also the resistive

feedback could increasesize and power consumption. Ming et al and Wise et

al used voltage controlled PMOS NMOS with external circuit[25][26]. In con-

clusion, implementing a conventional RC �lter is not practical and Gm-C cell

su�ers from low DR and high power . consumption. The Mille r integrator suf-

fers from input signal variations, non linearit y. Implementing a low pass�lter

for ECG signal using Pseudoresistoris most suitable for this design.

Full details about the di�erenc es in implementing Pseudoresistorand the

�lter designwill be discussedin Chapter 3.

2.2.2 ADC Design Metho dol ogy

ADC consumesthe largest power in the pacemaker. The ADC required for ECG

signal is 8 bit with 1Ks/s[27]. Comparing the di�eren t t ypes of ADC in 2.1.2,

Successive-approximation ADC consumethe lowest amount of power becauseit

does not have Operational Ampli�er . Although, it is a low speedADC, but it

satis�ed the ECG requirements. Most of the biomedical signals do not require

more than 10bit ADC. As a result, successive-approximation ADCs hasrecently

becomevery attractiv e in energy-e�cien t moderate-resolution/moderate-speed

applications[28, 29, 30, 19, 31, 32,33]. In order to minimize the power as

mush as possible, Current Mode Successive Approximation ADC is presented.

The idea of current mode ADC is � rst intro duced by Salama [34]. Current

SAR_ADC is used for the fallowing reasons. First, the power consumption

is proportional to the full scale current input. A full details analysis of the

relationship are discussin Chapter 5 [35]. Second, the chip area is much less

since,no capacitor in suedin the DAC[34]. Current DAC using current sources
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would be used. Although, there is constant power dissipation becauseof the

use of constant current sources[36].However, in weak inversion, the current is

very small (nonocurrent) and if the full scaleinput current is chosen carefully,

this e�ect is minimized.

In the literature, there are two Current Successive Approximation ADC

proposed[37,35]. The current DAC in the Current Successive Approximation

ADC could be scaleddown easily with technology. Chao et al usedan Op-amp

in his designwhich increasesthe power consumption. In general,there werenot

enough information or circuit performancein the proposedcircuit. Iniewski el

al.designconsumesone of the lowest power, 560nW, reported in the literatu re.

However, the designsu�ers from biasing problems in the current mirror which

leads to lessaccuracy especially with very small referencecurrent value. Also,

there arenumbersof redundant current mirror which canbeeliminated to reduce

the power and the error. A details analysis of the power consumption ,biasing

and the proposedCurrent SAR is discussin Chapter 5.

2.2.3 System Arc hitecture

The goal is to design an implanted biomedical devices which �lter the signal

then digitized it using SAR ADC. In the literature, there are two systemwhich

consist of very low frequencypass�lter fallowed by Voltage Successive Approx-

imation ADC[19, 33]. The system proposed in this work consist mainly of a

bandpass�lter fallowed by gm cell to convert the voltage to current then Cur-

rent SAR_ADC as shown in Fig. 15

Figure 15: Overall System Architecture
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There are two possibility of the proposedsystem. First, low pass�lter fallowed

by linearizedoperational transconductanceampli�er fallowed by Current SAR

as show in Fig. 16.

Figure 16: Overall System Architecture with linear DAC

Second,bandpass�lter fallowed by operational transconductance ampli�er

without linearization. To solve the non-linearity of the Gm-cell ,non linear tan-

gent hyperbolic current steeringDAC inside the Current SAR_ADC is designed

as illustrated in the Fig. 17.

Figure 17: Overall System Architecture with linear Non linear DAC

Matlab simulations of the ADC is perform in sec.2.3 to show the di�erences

and potentials between the two systems.
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2.3 ADC-Matlab Simulation

A more elaborate explanation of the functionalit y of the conventional SAR ADC

in presented in this sectionusing Matlab simulations. Each block of the ADC is

modeled by Matlab code. The code could be used for di�ere nt resolutions and

sampling rate. The SAR algorithm could be changedas well. The comparator

is modeledasa subtractor. The input of the comparator is the actual output of

the Gm block from CADANCE. The quanti zation level of the DAC are modeled

by Equ. 13.

I dealQuantiz ation Level =
2j � 1

2nbit +1 (13)

j = 1 : nbit (14)

Where nbit is the number of bit. j is an incremental number. j presents the

number of thresholds. A mismatch in the capacitor or transistors could be

intro duced by Equ. 15,16.

M ismatch = N ormal izedM ismatch Percentage:Randn (15)

Quantiz ation Level � M ismatch =

�
2j � 1 + (M ismatch: 2j � 1)

�

2nbit +1 (16)

Sincethe nature of mismatch is random, randn, a Matlab code, returning a

pseudorandom,is intro duced in Equ. 15. The SAR logic modeled by separate

Matlab codes. Input value is comparedwith the referencevalue from the

DAC. Linear and non linear o�set could be intro duced in the comparator.

SQNR is calculated without windowing as mentioned in Appendix A.

The �rst testing is performed with ideal conditions. There is no mismatch in

the DAC or o�set in the comparator. In order to make sure that the MATLAB
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model is functioning according to the theory, a DC signal of 0.7V with 8 bit

resolution is tested as shown in Fig. 18. In theory, 0.7 V is compared with

0.5 V, the di�e rence is greater than 0 , then 0.25 is added to 0.5 V, then the

di�erence between0.7 and 0.75(0.5+0.25) is lessthan 0, then 0.125is subtracted

from 0.75,then the di�erence between0.7 and 0.625(0.75-0.125)is greater than

0. The samealgorithm is performed through out the 8 cycles.

Figure 18: Output of SAR ADC with 0.7V DC input and 8 bit resolution

The output of the simulation agreeswith the theory as mentioned. The �nal

value is 0.69922V which is very closeto 0.7 V. To make sure that the system

is working, di�eren t valuesof DC signal with di�eren t number of bit are

applied to ADC as shown in Fig.19,20.
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Figure 19: Output of SAR ADC with DC of 0.8 V and 9 bit resolution

`

Figure 20: Output of SAR ADC with DC of 0.9 V and 12 bit resolution

The output of both simulations agreeswith the theory. The samemethod of

calculating of 0.7V 8 bit is applied to the plots above. Therefore, the

MATLAB model is functioning correctly according to the theory.
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2.3.1 Linear Curren t Steering DA C

linear and non linear DAC are tested with actual output of the gm-cell without

any linearization techniques. The two system perform an 8 bits ADC without

mismatch in the current sources. Then, the simultions are performed with

mismatch. The quantization noise and SNR are calculated in all the di�eren t

conditions. For 8 bit linear DAC the quantization levels is describesin Equ. 17:

X Q = 2� n n = 1::8 (17)

Where n is the number of bit. The quantization levels in the current DAC

are(1,2,4,8,16,32,64and128). Ideally the maximum value of the quantization

noise is calculated by Equ. 18:

1
2

LSB =
I F ul l Scal e=2N � 1

2
(18)

For 8 bit ADC, 0.5 LSB=0.003906. Also, The ideal SQNR is calculated by

Equ. 19:

SQN R = [(N � 6:02) + 1:78]dB (19)

For 8 bit ADC, The ideal SQNR=49.92dB.

The output of the linear DAC and the Quantization noise is shown in

Fig. 21,23.
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Figure 21: Input current vs Thresholds of Linear DAC
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Figure 22: Input current vs Thresholds of Linear DAC_Zo om
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Figure 23: Input current vs Quantization error of Linear DAC

10 10.5 11 11.5 12 12.5 13 13.5 14 14.5

-3

-2

-1

0

1

2

3

x 10
-3

X: 12.35
Y: 0.003781

Quantization Noise(linear DAC)

Input(nA)

Q
ua

nt
iz

at
io

n 
E

rr
or

Figure 24: Input current vs Quantization error of Linear DAC_zoom

From Fig. 21, the output of the DAC is fallowing the input. The 1
2 LSB

0.00385which is very equal to theoretical 0.003906.The SQNR was measured

with sine wave input to be 49.8dB which is very closeto the theoretical, 49.92

dB.
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2.3.2 Non linear Tangen t Hyp erb olic Curren t Steering DA C

The DAC implements Tangent Hyperbolic becausethe nature of the non lin-

earity of the gm-cell is Tangent Hyperbolic. The quantization levels in the

non-linearity current DAC are [1,2.26,4.1,7.95,16.211,31.8,63.8,127.9].The out-

put of the linear DAC and the Quantization noiseare shown in Fig. 25,27. The

non linearit y could not be shown easily only if is compared with linear input

with linear DAC.

Figure 25: Input current vs Thresholds of Non Linear DAC
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Figure 27: Input current vs Quantization error of Non Linear DAC
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Figure 28: Input current vs Quanti zation error of Non Linear DAC_zoom

From Fig. 27, the output of the DAC is fallowing the input. The 1
2 LSB

0.00375which is lessthan the theoretical value. The SNR was measuredwith

sine wave input to be 50.5 dB which is higher than the theoretical value. As a

result, the non linear DAC has lower quantization noiseand higher SQNR.

The the non linear DAC fallows the sine wave more accurately than the linear

DAC. To have a fair judgment, a triangular wave form is tested in both

systems. The linear DAC has higher SQNR and lower quantization noisethan

the non linear DAC .The linear DAC fallows the triangle wave form form more

accurately than non linear DAC.

2.3.3 Measuring SQNR with Mismatc h

To have more insight about the performance of both systems, di�eren t mis-

matches are applied. The mismatch percentage are taken from the model of

IBM 0.13�M . The mismatch is applied by Equ. 15. The mismatches,4 W , are

0.028�M (all toleranceare 3� value), 0.039�M (chip meanvalue) and 0.05�M

(total tolerance). linear and non linear DAC are simulated simultaneously. His-
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togram of the 100 runs is plotted to seehow may of the runs falls into a certain

value of SQNR as shown in Fig. 29,30,31.

Figure 29: SQNR Histogram of SAR ADC for 0.028�M mismatch of the linear
DAC
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Figure 30: SQNR Histogram of SAR ADC for 0.039�M mismatch of the linear
DAC

Figure 31: SQNR Histogram of SAR ADC for 0.05�M mismatch of the linear
DAC
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The mean valuesof the SQNR for linear DAC with the di�ere nt mismatch is

presented in Table. 1.

Mismatch(�M ) SQNR(dB)
0.028 45.5
0.039 43
0.05 41.5

Table 1: Compressionbetween simulated SQNR of linear DAC with Mismatch

The value of SQNR is degrading at the mismatched increasing. For non linear

DAC, the Histogram plots are show in Fig. 32,33,34.

Figure 32: SQNR Histogram of SAR ADC for 0.028�M mismatch of the
Non_linear DAC
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Figure 33: SQNR Histogram of SAR ADC for 0.039�M mismatch of the
Non_non linear DAC

Figure 34: SQNR Histogram of SAR ADC for 0.05�M mismatch of the
non_linear DAC
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The mean valuesof the SQNR for linear DAC with the di�ere nt mismatch is

presented in Table. 2.

Mismatch(�M ) SQNR(dB)
0.028 48.14
0.039 47.26
0.05 45.33

Table 2: Compression between simulate SQNR of Non linear DAC with Mis-
match

The value of SQNR is degrading as the mismatched increasing.However, the

SQNR of the non linear DAC is higher than linear DAC for the samereasons

mentioned in 2.3.2 as shown in Table. 3.

Mismatch(�M ) SQNR(dB)_Non linear SQNR(dB)_Linear
0.028 48.14 45.5
0.039 47.26 43
0.05 45.33 41.5

Table 3: SQNR CompressionbetweenLinear and Non linear DAC

As a result, non linear DAC is implemented in this designbecauseof its

performanceand easeof implementati on of similar non linearit y of Gm block.

2.4 Conclusion

The input signal of wearableor implanted biomedical devicesshould go thr ough

very low pass�lter implemented by MOS-bipolar pseudo-resistor.The resistance

could be controlled in di�eren t way as mention in sec. 2.2.1. In thi s work,

the bandpass�lter used a Pseudoresistor. The voltage output of the �lter is

converted to current by gm-cell. To have the lowest power possible, current

SAR_ADC is proposed. More details about the linearit y of the gm is Chapter

4.
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3 Low Pass Filter Circuit Design (First Stage)

In this chapter, the characteristics of the very low frequency � lter is explained

with all the designchallenges. The circuit designof the �lter and the OTA are

intro duced with the necessarysimulations using CADANCE. Noise and power

analysis and optimization are discussed as well.

3.1 Very Low Frequency �lter & Sub-threshold Two Stage

Miller Op Amp

Di�eren t �lter topology is discussedwith di�eren t implementations. Compar-

ison between the di�eren t implementation is explained in order to meet the

requirements of the system. The OTA implementation and characteristics are

explained to meet the requirements of the � lter. Di�eren t challengessuch as

leakageand noiseoptimization are discussed. The load calculation is computed

to minimize the power consumption.

3.1.1 Bandpass Filter Topology

As decidedin Chapter 2, the �lter should be implemented by Pseudoresistoras

show in Fig. 35[14]. The OTA is a two stageOp Amp with miller capasitor as

show in Fig. 40.

47



Figure 35: BandpassFilter Topology

The low cuto� frequnecy of the �lter is implemented by Pseudoresistorin

parallel with capacitor (C1) in feedback. The samecon�guration of Pseudore-

sistor and capacitor is placed in positive input of the �lter in order to allow the

rejection of expected DC potential di�ere nces[23].

The frequency responseof the proposed�lter is show in Fig. 36.

Figure 36: Gain vs Frequencyfor the ProposedBandpassFilter

48



The gain is set to A=20dB. Therefore according to Equ. 20,

C2=30pF,C1=3pF.

A(gain ) =
C2

C1
(20)

A larger value could be choosing to reducethe resistancerequired from the

Pseudoresistor.However, a larger metal-insulator-metal capacitor,mimCap,

consumesvery large chip area. The reasonto choosemimCap is explained in

sec.3.1.3. Therefore, the required resistanceof the Pseudoresistorwith low

frequency cuto� of 20mHz is equal to 2.65T
 according to Equ. 21. The

20mHz is chosento have safemargin and to compensate for any variations as

stated in[27].

f l ow =
1

2� CR � Pseudoresistor
(21)

The high cuto� frequency set to be equal to 110Hz. The 110Hz is chosento

have safemargin and compensatefor any variations as stated in[27]. The high

cuto� frequency is calculated by Equ. 22

f hig h =
gm1

2� A Cmil l er
(22)

High frequency cut o� is function of the Miller Capacitor. In other design[14],

f hig h = gm 1
2 � A CLoad

is function of Cload which is varying depending of the load.

3.1.2 MOS_Pseudoresistor Elemen t

MOS_Pseudoresistor operate in deeptrio de region creating a small-signal

resistancearound 1T
 . It does not only reducesthe area comparing to an
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actual R but also gives the chancefor recon�gurable �lter.

The MOS_Pseudoresistor is implemented by di�eren t

methods[22,38, 21, 25, 20, 23, 14, 33,26]. As the input changesthe resistance

changes. In other words, the pole of the �lter is changing with the input. The

resistanceof Pseudoresistoris not linear. However, choosing the gain to be

20dB relaxing the linearit y of the resistance as shown in Fig. 37. The

magnitude of the ECG input is 5mV with gain of 20dB, the output is 50mV.

On the other hand, if the gain is 40dB like most of the designs,the resistance

would inter the non linear region which require di�eren t e�ort to linearized the

pseudoresistor.

Figure 37: Comparison BetweenSimulated Resistancesof Di�eren t MOS Pseu-
doresistor Designs

Controlling the Gate of the PMOS by voltagessource givesthe require

resistancewithout any additional circuit technique. Resistanceof the PMOS

in weak inversion is calculated by [24].

r ds w
L

n Cox W Vth
exp(�

Vgs � VT � n Vth

n Vth
) (23)

where n is the sub threshold slope factor,V T is the tr ansistor threshold

voltage,V th is the thermal voltage. To maintain a high input impedancewith

the sameVtu ne, PMOS is chosensince hole mobilit y is one-half to one-fourth
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that of the electron[9]. Two PMOS's in seriesis chosento reducedistortion for

large output signals[14].

Equ. 23 is plotted to know the value the voltage neededto obtain the required

resistance(1.32T
) .

Figure 38: Rds vs Vtune for PMOS Pseudoresistor by Equ.23

As shown in Fig 38, Vtume=0.6V givies a resistanceof 1.456T
 Rds (Pseu-

doresistor) is chosen to be little bit higher in order to accommodate for any

variations. The PMOS Pseudoresistor is simulated to check if the calculated

value from Equ. 23 match the value of simulation as show in Fig. 39.
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Figure 39: Rds vs Vtune for simulated PMOS Pseudoresistor

As shown in Fig. 39, as the voltage increasedRds increasedwhich correspond

to Equ. 23. The simulated value is 1.907T
 which is relatively closethe

calculated value 1.456T
 :

3.1.3 leakage Curren t(mimCap vs nCap & MOS_Pseudoresistor)

There are two main sourcesof leakagein the �lte r design. The gain is set by

the ratio of C2/C1. Higher value of capacitor could be implemented by NMOS

connectedlike capacitor, nCap. However, the nCap has high value of leakage

current[39]. For C2, the leakagegoesdirectly into the input stage. For C1, the

leakagegoesthrough feedback into the input stage. The samescenarioapplied

to the capacitor connectedto the positive terminal. These leakageschangethe

biasing of someof the transistors and changethe biasing voltage at the output.

For this designmimCap is used.
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Secondsource if leakageis the gate leakageform MOS_Pseudoresistor in

order of 5fA. The leakagecurrent goes through the feedback through the input

becauseof the lower resistance. Then, the leakagecurrent is ampli�ed by second

stage. Finally, the leakagecomesto the output which will change the biasing

voltage which changethe frequencyresponseof the � lter. To solve this problem,

a current bu�er in inserted between the input stage and the current mirror

to disassociate the voltage nodes. The functionalit y of the current bu�e r is

explained in sec.3.2. On the other hand, previous designs[20,19, 26, 23, 14,

25, 24, 22, 21]have usedlarge technology processwhich do not su�er from gate

leakage.

3.2 OT A in Weak In version

In weak inversion saturation ID is independent from Vds and gm is function of

ID as in Equ 24,25[10].

I D =
W
L

I D O exp(
qVgs
nK T

) (24)

Where I D is the drain current, W is width , L is length, I D O is zero-bias

current, V T is thermal voltage, K is 1:38: 10� 23J/K (Boltzmann's constant), q

is 1:60: 10� 19 C (elementary charge), T is temperature, n is sub-threshold

slope.

gm =
I D

nK T=q
(25)

The circuit designof the OTA is show in Fig. 40. The OTA consistsof two

stages.The circuits operates in weak inversion with all the transistor in

saturation(Vds>100mV).
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Figure 40: Two StageMiller Op Amp

PMOS input is chosenbecauseit has lower �ic ker noise[9,8]. PMOS has lower

�ic ker noisebecausethe channel is further in distance from the interface which

is lessa�ected by interface trap. M3-M4 createscurrent bu�er-cascode which

reducethe o�set due to leakageand 2nd harmonic distortion. The value of the

DC voltage connectedto M3 and M4 is 70mV. The miller capacitor,14pF, is

usedto have more control over the high frequency �lter sincethe gain

bandwidth is function of Cmiller according to Equ. 26[40].

GB =
I D 1

(nK T=q)CM il l er
(26)

3.3 Noise Analysis & NEF.

The input referred noiseof the whole system dependson the noiseof the

front-end ampli�er. Therefor, analyzing and optimizing the noiseof the �lter

is very essential to reducethe noiseof the overall system. Generally, having
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Av=10=20dB, input-reference noiseof the whole system could be roughly

estimated by Equ. 27.

Input reference noise power = Power Noise Filter +
Power Noise gm

Av2 +
Power Noise ADC

gm 2 Av2

(27)

Where gm is the gm of the Gm block and Av is the gain. Setting Av(gain)=10,

the secondand third terms could be eliminated. Therefore, the input-reference

noise is dominating by noiseof the �lter. The input referred thermal noiseof

the �lter is given by Equ.28. The noise is simpli�ed to be function of ID.

V in =

s
8K I D (nK T=q)2

I 2
D

(28)

The current noisehas to be taken into account aswell. The higher the value

of the input Capacitor(C2) the lower the current noiseat the input. Equ. 28 is

plotted to know the optimum point of current operation. As shown in Fig. 41, as

the current increases,the noise decreases.However, the �lter should be power

limited. Choosing the power consumpation to be around 100nW and , gives a

noisevalue around 5.854�V .
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Figure 41: ID vs Input Voltage Noise of the BandpassFilter from Equ. 28

Sincethe �ic ker noise is the dominate sourceof noise,Noise E�c iency Factor

(NEF) is needed. NEF takes into account di�ren t factor like BW and total

current. The noisee�ciency factor (NEF) is �rst intro duced in[41].

N EF = Vni;r ms

r
2 I tot

� Vth 4K T B W
(29)

where Vni,rms is the input-referred rms noisevoltage, Itot is the total

ampli�er supply current, and BW is the ampli� er bandwidth in hertz. Ideally,

NEF is equal to 1. However, in weak inversion more accurate model for shot

noise is taken into account. The NEF is calculated by Equ. 30 [8].

N EF =

r
4
k

w 2:9 (30)

Where I total=2 ID, � , gate coupling coe�cien t, is typically equal to 0.7 .

NEF=2.9 is the theoretical NEF limit for an ampli�er, assumingcurrent
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mirror ratios of unit y. The noisebandwidth is very critical to determine the

NEF. The input-referencenoisecould drastically decreases if the QRS

bandwidth(50m~30Hz) is only �l tered as in [19]. The input refer noiseof this

design is calculated di�eren tly than other designs.The output squarenoise

voltage is divided by the squarebandpassgain. Then, the result of division is

integrated over bandwidth,50mHz~100Hz. The noise is calculated by Equ. 31.

N oise =
�

(
VN oise � Out

Av
)2 (31)

Where Av is the Bandpassgain. Noise of this design is 5.4 �V and NEF=3.33

which is closeto the theoretical limit 2.9.

3.4 Load Calculation

Calculating the require output current of the �lter minimized the power con-

sumption. Also, there should be enoughcurrent to drive the load (gm-Cell). In

addition, having gm-cell after the ampli�er would have lower Cload than ADC

immediately after the �lter. The �lter characteristics is derived to calculate the

require output current as in Equ. 32,33,34.

Vo
Vin

=
R 1

C2 S
R + 1

C 2 S
1

C 1 S

= �
R

1+ SR C2

1
C1 S

(32)

jA(j ! )j =
RC1!

p
1 + ! 2R2C2

2

(33)

Iout =
Vbiasing (1 + ! R C2)

R
(34)

W=100Hz,R=2.65T 
 ,C=3pF and Vbiasing=0.5V =) Iout=0.3nA. However,

Iout is chosento be little bit higher to make sure that the load would have

57



su�cien t current. M5 and M6, in Fig, 40, is optimized to deliver the required

Iout to reduce the power consumption.

3.5 Simulation Results

The sizing of the transistors is critical for achieving low noise,low power as

mentioned before. The temperature is set to 37.0C, temperature of the human

Body. The �lter operates in weak inversion. The processtechnology used is

0.13�m . The circuits is shown below in Fig. 42.

Figure 42: BandpassFilter Circuit Design

The sizesof the transistors are giving below in Table. 7.
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Devices M 1,M 2; M 3; M 4 M 5,M 6 M 7 M 8 M 9;M 10 M 11,M 12 M 13 M 14

W/L( � M) 25/20 20/20 1/10 3/10 0.31/20 100/0.12 13/3 6/3

Table 4: DevicesSizes

The frequency response,input referred thermal noisecalculated by Equ. 31

and transient analysis at 2.5mV are simulated as shown in Fig. 43,44,45.From

the simulations results, BW is 20m~111Hzand DC gain of 19.51dB. The noise

which is simulated from 50mHz to 100Hzequalsto 5.4�V . The THD is 0.5%.

The performanceof the �l ter is in Table. 5. Also, a comparisonbetweenthe

di�eren t work is in Table. 12.

Parameter Simulation
V DD 1V

I Suppl y 30n
Gain 19.51dB
BW 20m~111Hz

THD@ 2.5mV &2.23Hz* -46.02dB (0.5%)
Input referred noise(50mH-100Hz) 5.39�V

NEF 3.3
Power Consumption 108nW

*Geometric mean of the BW.

Table 5: Simulated Performancesof the BandpassFilter
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Expressions 1
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Figure 43: FrequencyResponseof BandpassFilte r

The noise in Fig. 44, is simulated from 50mH to 100Hz.

Expressions 2
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Figure 44: Input referred thermal noise of Bandpass Filter simulated from
50mHz to 100Hzand calculated by Equ. 31
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Expressions 3
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Figure 45: Transient analysis @2.5mV input and 2.23HzFrequency input

The output signal starts to maintain constant value after 10 second.This

behaviour causedby non zero derivative at the input step.

Parameter Design in[14] Design in[25] Design in[33] Design in[33] This work

V DD (v) � 2:5 � 1:7 1 1 1

Pro cessTechnology( �m ) 1.5 1.5 0.35 0.35 0.18

Mid-band Gain(dB) 39.5 39.3 40.2 45.6/49/53.5/6 0 19.51

BW(Hz) 0.025~7.2K 0.015~4K 0.003~245 0.05~262 20~111

Input referred noise(�V ) 2.2 (0.5~50kH) 3.6 (20~10KHz) 2.7 (0.05~250kH) 2.5 (0.05~31Hz) 5.39(0.05m~100)

NEF 4 4.9 3.8 3.26 3.3

Power Consumption(W) 80� 27.2� 333n 104n 108n

Table 6: PerformanceComparison betweenthis work and recent works

From the Table. 12, this work has the smallest technology which means the

highest gate leakageform the Pseudoresistor.However, it has similar noiseto

[19]. Although, the noise in [19] is 2.5�V which is lower than this design.

However, the noisebandwidth of [19] is lessby a factor of 1/3 than this work.
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The reducedbandwidth in[19] reduced the noise. Moreover, NEF is almost the

samewhich is more accurate measureof the noise.

Also, the THD is simulated at the coronersof the frequencyresponseof the

�lter. At 2.5mV with frequency of 45mHz and 60Hz, the THD is 5.89% and

5.28%respectively. The main reasonfor the higher THD is the non linearit y of

the ampli�er itself.
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trans_out

0.0 1 2 3 4
time (s)

30

20

10

0

-10

-20

-30

Y
0 

(m
V

)

THD@60Hz=-25.54dBTHD@60Hz=-25.54dBTHD@60Hz=-25.54dBTHD@60Hz=-25.54dBTHD@60Hz=-25.54dB

time (s)

User: salim          Date: Mar 9, 2009          Time: 6:41:20 PM GMT+01:00

Figure 46: Transient analysis @2.5mV and 60Hz Frequency input
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Expressions 3
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Figure 47: Transient analysis @2.5mV and 45mHz Frequency input

3.6 Conclusion

Bandpass �lter is implemented using two Stage Mil ler Op Amp operating in

weak inversion. The low cut-o� frequency �lter is implemented by pseudoresis-

tor in parallel with capacitor. The high cut-o� frequency is function of miller

capacitor. The gain is set in way to relax the pseudoresistor and still maintain

very low noise of the overall system. The gate leakageof the pseudoresistoris

solved by current bu�er. Metal-insulator-metal capacitor, mimCap, is chosen

to set the gain and to eliminate the leakageand maintain a linear capacitance.

The noiseand power are optimized. The overall performanceof the �lter is very

similar to the sate of the art design[19].
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4 Gm-Curren t Cell (Second Stage)

In this chapter, the functionalit y of the Gm-cell is explained. The output current

is calculated and simulated. Di�eren t linearization techniques are discussedto

have generalunderstanding of the trade-o�.

4.1 Op erational Transconductance Ampli�er

The output of the bandpass�lter needs to be converted to current sincecurrent

SAR ADC is used. Gm-cell is implemented as shown in Fig. 48[42,43].

Figure 48: Gm_Cell

The output current which is the full scalecurrent input to the ADC would

decidesthe power consumption of the current ADC as discussed.The relation-

ship between power and full scale input current will be explained in Chapter

5. The input voltageshas DC value of around 500.4mV. The amplitude of the

input signal to the �lter is 5mV. Then, with gain=20dB, the output is 50mV.

Iout set to be 25.5nA depending on the referencecurrent (100pA) in the current

ADC. The value of the gm is calculated by Equ. 35 [13].

I out = gm(V1 � V2) (35)

Where Iout=25.5nA, V1 = 550mV ,V 2 = 500mV , then gm=0.51�A=V :

The output of the �lter is feed to the negative input of the gm and to the

positive input through very low frequency�l ter as shown in Fig. 49. The low
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frequency �lter is very similar to the one in the bandpass� lter. The value of

the resistanceis increasedto make sure that the DC component, 500.4m, is

passedonly. A cascode current mirror is implemented for OTA to make sure

that all the transistor are in saturation and the current is mirrored accurately.

The characteristic of the non linearit y of the gm is hyperbolic tangent. There

are di�eren t linearization techniques as discussin sec.4.2.

Figure 49: Operational TransconductanceAmpli�er

The low passfrequency �lter is implemented by M9,M10 AND C1. M9 and

M10 are sized in way to produce the required resistance.

4.2 Cell Choice (linearization)

Several method of linirization is explained in [13, 44, 43]. Edgar mentioned

three way of linearization.(a) attenuation, (b) nonlinear terms cancellation, and

(c) sourcedegeneration. Sourcedegenerationis explained brie�y here. Source

degeneration transconductors using resistor to increaselinearit y. The resistor
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are placed in the di�eren tial bair as shown in Fig. 50.

Figure 50: Fixed transconductor

According to Equ.37,36 to reduce the Gm, R has to be increased which

leads current to increasesto maintain higher loop gain and similar value of

output current. The increasein current increasesthe power consumption[44].

However, to have ultra low power design, the gm should consumethe lowest

amount of power. In addition, even after adding the resistor, the gm would not

be completely linear.

I =
gm V

1 + gm R
(36)

Gm =
gm

1 + gm R
(37)

For low noisedesign, the resistor would be implemented by CMOS connected

diodesas shown in Fig. 51. The diodes would have voltage drop across them

which reducesthe linearity furthermore more.
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Figure 51: Fixed Transconductorsusing CMOS connecteddiodes

Many other designscould linearize the gm. However, most of thesedesigns

would consumemore power and would not have completely linear [13, 44, 42].

Simulation results of the sourcedegenerationis provided in sec.4.3.

In this design,a conventional operational transconductanceampli�er is used

without any linirization techniques in order to have the lowest power

consumption of the gm-cell. The non linearit y of the gm is compensatedfor by

non linear current DAC.

4.3 Simulation Results

The temperature is set to 37.0C, temperature of the human Body. The gm-

cell operates in weak inversion. The processtechnology used is 0.13�m . For

measurement purposes,a constant voltage is placed at the output to obtain

the required current . The voltage scourshas to keepequal voltage acrossthe

current mirror. Vconstant is calculated by Equ. 4.3.
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Vconstant = Vds3+ Vds5 (38)

The input voltage of the ADC is setting the output voltage of the Gm block.

Input voltage of the ADC has to be supply the required voltage,Vconstan.

The sizesof the transistors are giving below in Table. 7. The sizesof the

gm-cell is chosento be closeto the �rst stageof the OTA to minimize the

noise. The total power consumption of the Gm-cell is 53.03nW.

Devices M 1,M 2 M 3; M 4M 5,M 6 M 7 M 8 C3 Rf il ter

W/L( � M) 80/20 40/20 6/3 7.6/6 3.056pF 3T


Table 7: DevicesSizes

The DC output current of the gm is plotted in Fig. 52. The value of the

current is ' 0~25.52nAas required. Sincethe sizesof the transistor is

relatively big, the mismatch is minimized. As a result, the non linear current

output maintain almost constant value with mismatched.
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Figure 52: DC-Output Current

In Fig. 52, the LSB of the non linear output current is very closeto linear

current. The ideal output current is calculated by taking the derivative of the

actual output current at biasing voltage of the �lter. Then, the result of the

derivative is multiplied by the full input voltage swing of the Gm block as in

Equ. 39. Also, the di�erence betweenthe actual output current and ideal

current is calculated in Equ. 40.

I dealOutput Cur r ent =
�

dv
dx v=0 :5

(Output Cur r ent) � I nput Voltage
�

(39)

Curr ent Err or = [I nput Cur r ent � I dealOutput Cur r ent] (40)

The ideal,actual and error current are plotted to understand the nature of the
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error as show in Fig. 53. The error is around 15%.

Figure 53: DC-Outpu t Current with Error

The gm block is tested with sine wave to check if the output current match the

DC-output current as shown in Fig. 54. The Full scaleof the current is

25.55nA which is very closethe the DC output current.
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Figure 54: Sine wave_Output Current

From Fig. 55, it is noticeable that the gm is not completely linear in the range

of interest(475~525mV).

Figure 55: gm of Gm block

The frequency responseof the �lte r in gm is plotted in Fig. 56. The 50mHz is
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attenuated by 56.6dB in order to make sure that the DC component is passed

only.

Figure 56: Frequencyresponseof low frequnecy �lter in gm Cell

The noiseof the gm-cell is simulated and refer to the �lter input by Equ. 31 as

shown in Fig. 57. The noise is negligible 164.9fV.

Figure 57: Noise of Gm from 50mHz to 100Hzcalculated by Equ. 31
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The performanceof the non linear Gm block at ProcessCorner is listed in

Table. 8.

ProcessCorner Full ScaleOutput Current(A)
TT 25.54n~-510.4f
FF 25.15n~-219.6p
SS 25.37n~133.8p
FS 24.57n~-295.1p
SF 26.46n~79.3p

Table 8: ProcessCorner Simulations of Gm block

The full scaleoutput current of FS and SF deviates the most form the full

scale output current (25.54nA~-510.4fA) at typical corner. The performance

could be enhanceby optimizing the circuit at these corner.

The gm of the sourcedegenerationtransconductors is shown in Fig. 50. The

gm is more linear than the conventional gm. The power consumption is

195nW which is almost four time higher than the conventional gm. The high

power consumption match the theory in Equ. 36. In addition, as shown in

Fig. 58, the gm is not completely linear.

Figure 58: gm_source degeneration transconductors
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4.4 Conclusion

Gm-cell is implemented to convert the voltage output of the �lter to a current.

The value of the current is decided by the full scalecurrent of the ADC. The

output of the �lter feed to the positive and negative input of the gm. A very

low frequency�l ter is implemented to pass the DC component. Since the gm

of the Gm-cell is not linear, di�eren t lib eralization techniques is intro duced in

the literature. Sourcedegenerationis investigated. This design is implementing

conventi onal OTA with out linearization techniques to reduce the power. The

linearit y is solve by non linear current DAC in the ADC.
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5 Curren t Successive Appro ximation AD C (Third

Stage)

In this chapter, The architecture of the SAR ADC is presented with the di�eren t

design aspects. Each block of the ADC (comparator,SAR register and DAC)

are explained with simulations results. Statics and dynamics performance of

the ADC are presented with Monte Carlo simulations.

5.1 8 bit SAR_ADC Arc hitecture

As stated in Chapter 2, there are only two previous designof current SAR[37,

35]. In this design, a 8 bit with 1KS/s current SAR ADC consistsof current

sampleand hold,current comparator,current DAC,register logic circuit and cur-

rent mirrors. An system level design is shown below Fig. 59.

Figure 59: SAR_Ar chitecture

An input current (Iin) is comparedin each cycle with referencecurrent using

current comparator. Iin is obtained by using a current-mode sampleand hold

(S&H). Iref is obtained using the current DAC . The current DAC consist of

current sourcesimplemented by current mirror. The Iref is calculated by
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Equ. 41

I r ef = (b8:27 + b726 + ::: + b2:2 + b1):I D AC � constant (41)

whereI D AC � constant is a constant current sourceto generateIref. I D AC � constant

is equal to 100pA as in [35]. Therefor, I r ef is equal to 25.5nA. The lower the

constant current, the lower the power consumption as in sec.5.5. However, a

very low I D AC � constant would require very high accuracy current.

The current sourcesin the DAC are controlled by switches which are con-

trolled by the output of the logic circuit(V_out). The logic circuit (Register)

is implementin g the successive approximation algorithm. The logic circuit is

control by the clk and Reset signal. A full discussion about the logic circuit is

in sec.5.4.

5.2 Curren t Comparator

Di�eren t current comparator topologiesare intro duced. A simple comparison

is explained. A conventional current comparator with minor changesare imple-

mented to maintain the lowest power and high accuracy.

5.2.1 Comparator Topology

The �rst current topology is reported in [45]. It consistsof two simple current

mirror. One of the current mirror is connected to input current and the second

one to the referencecurrent. Then, the di�erenc e between input current and

referencecurrent is feed to two or three inverter for di�eren t purposes.In gen-

eral, there are di�eren t current comparator topology for high speed application

reported in the literature[46, 47, 48, 49,50]. Most of these techniques are in-

terested to have low input resistanceto achieve high speedcurrent comparator.

For example,Tra� et al. usedpositiv e voltage feedback from the CMOS inverter
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to maintain a su�cien t gain in order to amplify small signal variations as show

in Fig. 60[51]. However, at the point where both of the transistor in the �rst

inverts are o�, the input resistance increases[46].

Figure 60: Current Comparator by Tra�[51]

Tanget al. usedadditional circuitry which increasesthe power consumption[47][46].

In this design, low frequencyapplication, conventional inverter is su�cien t and

consumesthe lowest power. The input and referencecurrent are added using

current mirror. In this way, the power is minimized. The accuracy is discussed

in sec.5.2.2 and 5.2.3.

5.2.2 Circuit Implemen tation

The current di�erence betweenIin and Iref results in I dif f = (I in � I r ef ). The,

I dif f is inverted twice. In the �rst inverter, Idi� is integrated by the input

gate-to-sourcecapacitance. The secondinverter changesthe sing of the output

of the �r st inverter as shown in Fig. 61[35].

The input current goesthrough are two cascode current mirror (PMOS and

NMOS current mirrors). The two current mirror are used to cancel the Vt

mismatch between the NMOS and POMS current mirror. The samestructure

is usedfor the referencecurrent as show in Fig. 61.
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Figure 61: Current Comparator

5.2.3 A ccuracy Test and Dynamic Performance

The temperature is set to 37.0C, temperature of the human Body. The current

comparator operatesin weak inversion. The processtechnology usedis 0.13�m .

The sizesof all the transistors including the inverters are (1�m /1 �m ) to mini-

mized mismatch. To test the accuracy of the comparator, 1 LSB (100pA) and

MSB are taken asan input current. For 100pA, the comparator starts to change

at 110pA which is closeto 1 LSB. The output is shown in Fig. 62.
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Figure 62: Iin vs Output Voltage of Comparator with Iin=100pA

For 25.5nA, the comparator goesto zero at 25.5nA. The output is shown in

Fig. 63.

Figure 63: Output of Current Comparator with I=25.5nA
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Furthermore, a input current sinewave with amplitude of 200pand reference

current with 100p is tested to seeif the output of the comparator would change

at 100pA. As shown in Fig. 64, the output of the comparator changedat 108.6pA

which is very closeto 100pA.

Figure 64: Iin vs Output Voltage of the Comparator with input current sine
Wave(200pA)

Finally, the comparator consumesthe lowest amount of power with high

accuracy comparing with [46, 47, 48, 49, 50]for the intended application of

this design. A details analysis of the power calculation and optimization are

discussedin sec.5.5.

5.3 Non Linear (T anh) Curren t Steering DA C

In this design, a non linear DAC is implemented to compensate for the non

linearit y of the gm-cell. A special attenti on has beenpaid to the designof the

current mirror to get the require performance.
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5.3.1 Curren t Steering DA C Topology

I D AC � constant is mirrored through a current mirrors to generate the current

sourcesof the DAC. The DAC is a unary wighted control. The current sources

are scaledto produce the quantization levels. The linear quantization levels are

1, 2, 4, 8,16, 32,64 and 128 as shown in Fig. 65.

Figure 65: Linear Unary Wighted Control DAC

There are several papers implementing non linear current

DAC[52, 53, 54, 55,56]. All thesedesigns implement a sine or cosinewave

function. Edward at el.usedrow and column thermometer code recorder to

control a current cell. The current cell consistsof current steering pair (P and

N) as show in Fig. 66[53]. The P and N current cell producesthe positive and

negative part of the sine wave.
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Figure 66: Edward's current cell[53]

For this design, there is no Tanh current DAC reported in the literature. For

non Linear (Tanh) Current Steering DAC, the quantization levels obtained

form Matlab are [1, 2.26, 4.1, 7.95, 16.211,31.8, 63.8,and 127.9]. These

quantization levels are implemented by changing the ratio of the current

mirror of the DAC. The current output of the Unary DAC is mirrored again

inside the current comparator as show in Fig. 67.
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Figure 67: Unary Current DAC

Furthermore, from Fig. 67, the number of current mirror is reducedfrom 6 to

4 comparing to[35]. The reduction in number reducethe power consumption

and the error intro duced by each current mirror.

5.3.2 W eak In version low Voltage Curren t Mirror Topology

In current SAR ADC, current mir ror is very essential element in the current

SAR_ADC. There are two main requirements in the current mirror. First, the

current has to be mirror with high accuracysincethe 1 LSB is equal 100pA. A

small error in certain current mirror could lead to a missing code at the output

of the ADC. Second,all transistors implementing the current mirror in the

DAC needto be in saturation(V ds>100mV) in order to provide high swing.

High voltage swing is necessaryfor the current sourcesfor two reasons.First,
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the current sourcesshould maintain constant value when other current sources

are switched. Second, the transient time takesthe current source to switch

should be minimum. An accurate mirror current is needed.There are several

low voltage current mirror in the literature[57, 58, 59, 60,61]. Most of these

designsconsumesdouble of the power of conventional cascode current mirror.

However,Bruun at el. usedresistor implementing by two CMOS connected

diode to bias the current mirror. The two transistor are sized in way to

provide the right voltage bias as show in Fig. 68[59].

Figure 68: current_mirror by Bruun[59]

However, the technique provided above is not su�cie nt enoughin weak

inversion to make all the transistors in saturation. Another biasing schemeis

needto make sure all the transistors are in saturation. Abo at el. provides a

biasing schemefor the transistors to be in saturation as show in Fig. 69.

84



Figure 69: Current Mirror by Abo

M7 and M8 create a voltage source. By controllin g the sizeof M8 which

operate in trio de region, the correct gate bias voltage is set. Full details about

Abo's current mirror is explained in sec.5.3.3.

5.3.3 Circuit Implemen tation

The circuit implementing of the whole current SAR_ADC is shown in Fig. 70.

The sizesof the transistors are provided in Table. 9.
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Figure 70: Current Successive Approximation ADC

Devices M 1,M 2 M 3,M 4 M 5,M 6 M 7 M 8

W/L( � M) 1.76/1 1/1 3/1 1/1 1/15
Devices M 9;M 10M 11; M 12 M 13,M 14 M 15,M 16 M 17,M 18 M 19,M 20

W/L( � M) 1.5/1.5 3.39/1.5 6.15/1.5 11.92/1.5 24.32/1.5
Devices M 21,M 22 M 23;M 24 M 25,M 26 M 27;M 28M 29; M 30 M(comparator)

W/L( � M) 47.7/1.5 42.5/1.5 192/1.5 10/8 1/1

Table 9: DevicesSizes_ADC

a 1nA(I_D AC) current sourceis mirror using M1-M4. M7 and M8 is usedto

generatethe gate bias voltage in order for the drain-to-source voltage of M9

and M10 to be equal. M5-M6 are sizedto provide scaledversion of the I D AC .

M7 is a diode-connected device operating in the saturation region. M8 is sized

to create a Vds su�cien t to keepM9 and M10 in the saturation region. Due to

the �nite output impedance,the mismatch in the current is eliminated in �rst

order. The output of the DAC is mirror to the current comparator by
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M27-M30. The transistors of M27-M30 are sized in way to give enoughswing

for DAC. M9-M26 are sizedto give the thresholds of the non linear DAC. The

current sourceare connected to complementary switche connected to supply

voltage (V DD ) in order to reducethe leakagecurrent when the switchesare

o�[35]. The input current is sampledby current sampleand hold (MS1,MS2

and C1). MS1 is connectedto Reset signal and MS2 is connected to Reset

signal inverted. CMOS switch is usedsincethe input current is converted to

voltage (Vgs) then converted back to current. The Vgs is not closeto V DD or

Vss. Also, the CMOS switch would reduce clock feedthrough and charge

injection.

Layout Considerations

The matching betweentransistors of this design is not critical becauseany

mismatch can be easily compensated by adjusting I_D AC during device

calibration. However, a careful matching betweentransistors M11- M26 is

important becauseit can a�ect the accuracy of the ADC. The length of the

transistors in M11-M27 is the same(1.5�M ) and the width increasesfrom

LSB to MSB. Also, matching in the MSB's transistors is better as compared

to the LSB's transistors. The LSBs of the tanh DAC is very smilier to linear

DAC. In addition, as mentioned in Chapter 4, the error betweenthe actual

and ideal output current in minimum. Therefore, the matching is better and

the non linear current output of the DAC maintain almost constant value with

mismatched.

Output Imp edance

Output impedanceof the Unary DAC, Runar y ,is function the required INL.

The INL of the DAC should be than than 1 LSB to insure minimum deviation
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from the transfer function from the ideal interpolation line .The Runar y ,is

calculated by Equ. 42[15].

Output I mpedanceof Unar y DAC (Runar y D AC ) > Rl oad :22n � 2 (42)

Where n is the number of bit, Rload is the input impedanceof the current

mirror M27-M30. The Rload is calculted by Equ. 43.

Rl oad =
2

gm
(43)

gm =
I D

n K T=q
(44)

Where I D is rhe full scaleinput current. n,sub-threshold slope, equalsto 1.61

according to Chapter 1. KT/q, V T equalsto 26m.

I d = 25:5nA =) gm = 0:632uA=V =) Rl oad = 3:164M 
 =) Runar y D AC >

51:77G
 :

The output impedanceof the single current source(Rout ) in the DAC, as show

in Fig. 71, is calculated by Equ. 45.
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Figure 71: Single current sourcein Unary DAC

(Rout ) = r ds sw itch: r ds1:gm1:r ds2 (45)

NMOS current mirror is chosenfor the DAC since it has smaller sub-threshold

slope than the PMOS as mentioned in Chapter 1. Then, according to Equ. 45,

gm27 is higher and Rout is larger. From simulation, Rout for MSB is

calculated when the switch is on to be around 100G
 . Rout for MSB by itself

without the other current sourcesis larger than Runar y 51.77G
 . As a result,

the required output impedance,51.77G
 of the DAC is achieved.

5.4 Logic Circuits

Brief details of the logic design is presented in this section. Also, simulation

results are intro duced to verify the functionalit y of the logic circuit.

5.4.1 Register Topology

The register topology implanted in this design is the same in [30]. The reg-

ister consist of two shift registers to implement the successive approximation
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algorithm as shown in Fig. 72. The two register are implemented by D-Flip

Flop.

Figure 72: Register logic

The upper shift register is clocked synchronously. The lower register stores the

conversion value. When the reset signal arrives, the upper shift register is reset

in the 10000000condition. When the rising edgearrives, the 1 at the �rst

D-Flip Flop propagatesalong the upper shifter. The 1 value shifts from i-th

position to the i+1-th. The inverted output of the upper shift is fed to the

input of the lower conversion register. Finally, the output of the lower register

is usedas a clock the i-th �ip �op in the conversion register. Due to the fact

that the logic circuit operatesat low voltage and low frequency, there are not

enoughe�ort in the literature to reducethe power. However, according to [62]

which most of the SAR ADC designrefer to it, states that becauseof the large

number of registers causedan increasesleakagecurrent especially in weak

inversion. Also, according to [62], the leakagecurrent in the best caseis half

time higher than from the voltage comparator. For this design, the caseis

even more sincecurrent comparator which consumes very low power is used

instead of voltagescomparator. There are several way to reducethe leakage
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power. First, number of register could be minimized. Second,using minimum

sized logic gatescould decreaseswitching power. Third, using high-threshold

devicesinstead of standard-Vt onescould reducestandby power. In this

design,a minimum logic gate was usedto reducethe power.

5.4.2 D-Flip Flop

The designof the D-Flip Flop of this logic circuit is implemented in [40] asshow

in Fig. 73.UsingTransmissiongatereducethe load on the clock comparingto[40].

Figure 73: D-Flip Flop by Rabea

In Fig. 73,PHI is the clock frequency,9kHz. PHI_bar is the inverted clock.

However, the design in [40], would increasethe designtime in order for the T1

and I1 to overpower the feedback inverter I2. If the sizeof T1 is made to be

minimum then I2 should be even smaller by using a larger length. In[63], the
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designis modi�ed to have lesscomplex D-Fli p Flop. The design of the �ip �op

is shown in Fig. 74. By using transmission gate at the feedback, it inducesa

delay in the feedback in order for I2 to store the value at node A without

making the size of I2 smaller.

Figure 74: D-Flip Flop

In Fig. 74,PHI is the clock frequency,9kHz. PHI_bar is the inverted clock.

PHI_d_bar is the inveted PHI_bar.

5.4.3 Sim ulation Results

The temperature is set to 37.0C, temperature of the human Body. The �lter

operatesin weakinversion. The processtechnology usedis 0.13�m . All the sizes

are set to minimum(160nM/120nM). The upper register act like shift register

as show in Fig. 75.
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Figure 75: Transient output of Upper Shift register of SAR logic Circuit

The output of each D-�ip �op is shifted at the rising of the RESET signal. To

test the functionalit y of the logic circuit, a comparator with value of 0V is

tested as shown in Fig. 76
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Figure 76: Transient output of the lower Shift register of SAR logic Circuit

The output of the logic circuit,lo wer Shift register, is shifted depending of the

output of the Upper Shift register as show in Fig. 75.

5.5 Power Calculation and Optimization

The total power consumption of the ADC could be calculated depending on the

full scale input current and the I D AC . The lower the full scale input current

the lower the power. However, the full scale input current can be only lower

to a certain limit becausethe accuracywould start to decrease.The SAR logic

consumethe largest power consumption. If a 0.5V supply is used the power

consumption can be reduced to one-fourth (50nW). More detailed studies is
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neededto calculate the leakagecurrent of the D-Flip Flop at such low frequency.

In generalthe power consumption of this designcould be calculated by Equ. 46:

Total Power = [(I f ul l scal e:Vsuppl y )C ompar ator (46)

+ [(1 LSB + m LSB ):Vsuppl y ) + (I f ul l scal e:Vsuppl y )]D AC + Powerl ogic
�

In the DAC 's term, m is the scaling factor in the current mirror. The total

simulated power consumption of the ADC without optimizing the logic circuit

is 255nW.

5.6 ADC Performance & Simulations

The ADC is tested with DC value and sine wave. Statics and Dynamic sim-

ulations are presented. Also, Monte Carlo and processcorner simulations are

performed to validate the robustnessof the ADC.

5.6.1 Sim ulation results

The temperature is set to 37.0C-temperature of the human Body. The �lter

operates in weak inversion. The processtechnology usedis 0.13�m . The

sampling frequency is 1KS/s and 8 bit resolution. First to test the ADC a DC

value of 10.1nA is taken. The output of the ADC is shown in Fig. 77. The

output of the DAC is 10.15nA wish is closethe 10.1nA.
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Figure 77: ADC Output with DC input

Then, a sine wave is taken as an input in order to check if the ADC is able to

digitize all the di�ere nt values. The output of the ADC with linear DAC is

shown in Fig. 78. The output is obtained by ideal DAC at the output of the

ADC. The wave forms is plotted to validate the shape. The output of the

ADC is modulated depending on the input frequency bandwidth. To test the

performances of the ADC, statics and dynamics performanceof the ADC are

discussedin sec.5.6.2, 5.6.3.
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Figure 78: Output of ADC with linear DAC

The output of the ADC with non linear DAC is shown in Fig. 79.

Figure 79: ADC_Non linear DAC
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5.6.2 Static Performance(DNL,INL)

Typical ADCs are design to have DNL<0.5LSB. The DNL of this design is =

+0.9039 / -0.7692LSB which guaranteedno missingcode. The INL is =+2.0382

/ -1.129LSB which insure minimum deviation from the transfer function from

the ideal interpolation line. Usually, the INL>DNL as the caseof this design.

A current input ramp is tested to measurethe DNL and INL. The length of the

ramp is calculated by Equ. 47.

Length of Ramp = 2nbit :nbit:
1

f s
(47)

Where nbit is the number of bit and fs is the sampling frequency. For 8 bit and

1KS/s, the length of the ramp equals to 2.048 seconds. The DNL and INL is

calculated by Murmann's code[64].
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Figure 80: DNL of ADC with non linear DAC
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Figure 81: INL of ADC with non linear DAC

5.6.3 Dynamic Performance(THD,SNDR,ENOB,F OM)

The THD for ADC with linear DAC is 47.02dB.For ADC with non linear DAC,

the THD is 47.51 dB which match the result of the simulati on of matlab in

Chapter 2. To calculate SNDR (Signal to Noise Distortion Ratio) , the noise

has to be calculated. a 1 LSB=100p is refereedto the gm input and then to

the �lter input. Ideally, the noiseshould be lessthat 1 LSB The noise is equla

to 32.59nV which is negligible. Also, according to Chapter 2, the noise of the

ADC is negligible. In addition the noiseof the current comparator is simulated

by Equ. 31 asshow in Fig. 82. The noiseis equal to 15.19nV which is negligible.

99



Figure 82: Noise of Current Comparator from 50mHz to 100Hz calculated by
Equ. 31

As a result, the the SNDR could be equal to jTH D j. To have more accu-

rate measurements and comparisonbetweenthis designand other related works

the ENOB (E�ectiv e Number of Bit) and FOB(Figure of Merit) have to be

calculated. The ENOB and FOB are calculated by Equ. 48,49respectively[15].

EN OB =
SI N AD dB � 1:76

6:02
(48)

F OM =
Powertotal

2E N OB : 2: f s
(49)

Where fs is the sampling frequency.

For this design,ENOB=7.598 bit and FOM= 0.6580pJ/conversion step. A

comparisonbetweenthe di�eren t work is in Table. 10.

100



parameters Design in[33] Design in[19] This work
VDD(V) 1 1 1

ProcessTechnology(�m ) 0.35 0.35 0.13
Sampling Rate 1KS/s 1KS/s 1KS/s
Resolution(bit) 11 12 8

THD(dB) - - -47.51
DNL(LSB) +/-1.5 +/-0.8 +0.9039 / -0.7692
INL(LSB) +/-2 +/-1.4 +2.0382 / -1.129

ENOB - 10.2 7.595
FOM(J/Con v) - 0.197p 0.6580p~0.284p*

Power Consumption(W) 1.97� 465.4n 255n~110n*
* If the power consumption of the logic circuit is 50nW.

Table 10: Comparison between this designand recent works

If the LSB set to 50pA which is equal to I_D AC_Constant, then the total

power consumption is equal to 55nW and FOM equalsto 0.141pJ/Con v. Such

ultra low power could be achieved if the noiseand accuracy requirements are

satis�ed.

The performance,THD, of the ADC with non linear DAC at ProcessCorner is

listed in Table. 11.

ProcessCorner THD(dB)
TT -47.51
FF -45.29
SS -43.83
FS -46.67
SF 42.12

Table 11: ProcessCorner Simulations of ADC with non linear DAC

The THD of FS and SSdeviatesthe most form the THD,-47.51dB at typical

corner. The performanceat FS and SScorner could be enhanceby optimizing

the current mirr or at the DAC.
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� Monte Carlo Simulation

Montcarlo Simulation is done with 25 runs. Sampling frequency 1KS/s and 8

bit. THD and Total power is simulated as show in Fig. 83,84. For THD, the

mean value is -44.5dB which is only 3 dB lessthan the simulated value. 4 runs

are -47.5 dB.
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Figure 83: Montcarlo Simulation_THD

There are variations in the total power causedby the mismatch in the current

source. As a result, the power of the logic circuit and comparator changedas

well. The mean value is 190nW. 8 of the runs falls into 225nW.
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Figure 84: Montcarlo Simulation_T otal Power

5.7 Conclusion

Current Successive approximation ADC has been designedand simulated. The

�rst Non linear DAC implementing Tanh is designedin this work comparedto

the literature . The non linear DAC compensatesthe non linearit y of the Gm

Block. Current comparator is designedwith low power consumption compared

in the literature. A Low voltage high accuracy current mirr or is designedto

archive the required accuracy. The processcorner and Monte Carlo Simula-

tions are comparable with the simulations at typical corner without mismatch

The simulated total power consumption of the current SAR ADC is the lowest

reported in the literature with a comparableFOM,Figure of Merit.
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6 System Simulations

Simulations of the overall system is performed. The output of each stage and

block is tested. Di�eren t aspect of the whole system are discussed.

6.1 System Simulations in Cadance

The whole systemconsist of bandpass�lter (50mHz~100Hz),Gm-cell and Cur-

rent Successive Appr oximation ADC as shown in Fig. 85.

Figure 85: Overall System

Input voltage of the �lter,output voltage of the �lter, are presented in

Fig. 86,88,91respectively.
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Figure 86: Input Voltage
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Figure 87: Input Voltage_zoom
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Figure 88: Output Voltage of the BandpassFilter
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Figure 89: Output Voltage of the BandpassFilter

As shown in Fig. 88, the input signal is ampli�ed by 19.51dB. The �lter

characteristics of the Bandpass �lter is very closeto the simulation results on

Chapter. 3 as show shown in Fig. 90. The baising voltage is changedby small

amount. The new baising voltage is 500.6mV. The valued is restored by

increasingthe output current by very small amount. The changedin baising
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voltage causedby gm load.

Figure 90: FrequencyResponseof the Filter

The DC gain equalsto 19.54dB. The BW of the Bandpass�lter is 17.47mH

to111Hz. Output current of the gm is presented in Fig. 91.
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Figure 91: Output Current of Gm-Cell
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Figure 92: Output Current of Gm-Cell_zo om

The sizedof the folded current mirror in the current comparator is increased

to match the voltage node at the output of the gm and input of the ADC.

The THD is calculated to be -46.8 dB which is close the value reported in

Chapter 5. However, when linear DAC is tested, the THD is -42.32dB. As a

result, the Non linear DAC has an improvement around 4.5 dB over the linear

DAC. In other words, implementing a non linear DAC cancel the harmonies

distortion causedby the non linearit y. The performanceof the designand the

compressionof the recent state of the art works are presented in Table. 12.
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Parameter Design in[14] Design in[25] Design in[33] Design in[19] This work

V DD (v) � 2:5 � 1:7 1 1 1

Pro cess Technology( �m ) 1.5 1.5 0.35 0.35 0.18

Mid-band Gain(dB) 39.5 39.3 40.2 45.6/49/53.5/60 19.51

BW(Hz) 0.025~7.2K 0.015~4K 0.003~245 0.05~292 20~111

Input referred noise( �V ) 2.2 (0.5~50kH) 3.6 (20~10KHz) 2.7 (0.05~250Hz) 2.5 (0.05~30) 5.39(0.05m~100)

NEF 4 4.9 3.8 3.26 3.3

Sampling Rate - - 1KS/s 1KS/s 1KS/s

Resolution(bit) - - 11 12 8

THD(dB) - - - - 47.51

DNL(LSB) - - +/-1.5 +/-0.8 +0.9039 / -0.7692

INL(LSB) - - +/-2 +/-1.4 +2.0382 / -1.129

ENOF - - - 10.2 7.595

FOM(J/Con v) - - - 0.197p 0.6580p~0.284p*

Total Power Consumption(W) 80� 27.2� 2� 895n 416n~276n*

Table 12: Comparison betweenthis work and recent puplished works

If the LSB set to 50pA which is equal I_D AC_Constant, then the total power

consumption of the overall system is equal to 216nW. The current mirror in

the ADC should be more accurate.. Also, if the noiserequirements is satis�ed.

If all the changescould be done, then the designwould have an outstanding

state of the art design in the literature . To have general understanding of the

power consumption of the whole system, power distributions among functional

blocks is shown in Fig. 93.

Figure 93: System power distributions
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6.2 Mon te Carlo and Pro cess Corner Simulation of the

Overall System

Since one of the new ideal of this design is to compensatethe non linearit y of

the Gm and non linear DAC. The processcorner simulation for THD of the Gm

block and the ADC with non linear DAC is presented in Table. 13.

ProcessCorner THD(dB)
TT -46.81
FF -44.83
SS -42.32
FS -45.76
SF -41.75

Table 13: ProcessCorner of Gm connectedto ADC with non linear DAC.

The THD of FS and SSdeviatesthe most form the THD,-46.81dB at typical

corner. The performanceat FS and SScorner could be enhanceby optimizing

the current mirror at the DAC. The results in Table. 13 proves that the Non

linear DAC compensatefor the non linearity of the Gm block.

Monte Carlo Simulation is donewith 5 runs for the overall systemin Fig. 85.

The number of runs could be increasedbut the simulation time is very large,

in terms of days. These simulati on is performed for several reasons. First, to

insure that the non linear DAC compensatesthe non linearit y of the Gm-Cell.

Second,to insure that there is no or minimum non linearit y intro duced by the

�lter and the gm stages. If the THD of the over all system match the THD of

the ADC, then the non linear DAC compensatesfor the non linearit y of the gm.

In Fig. 94, THD is calculated.
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Figure 94: System Monte Carlo Simulation_THD

As show in Fig. 94, the mean value of the THD is -44.936dB. The mean is

only 1.864dB lessthan the simulated value.

6.3 Conclusion

The simulations results of the overall system are presented. The performance

of each block when they are connectedis very closewhen they are separated.

The performanceof this designedwith otter works is compared. Monte Carlo

simulations of the overall system is intro duces. Processcorner of the Gm block

connectedwith the ADC is presented.
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7 Conclusion

A summery of the whole system is intro duced. Futur e recommendationsand

designcontributions is presented at the end.

7.1 Design Summery

The whole system operates in weak inversion. Di�eren t design challengesare

explored and solved. The proposeddesign shows improvements in various as-

pectscomparing to other recent works. It achievesthe lowest power reported in

the literature for ECG applications of 416nW for QRS complexand T wave.The

band-pass�lter achieves a NEF of 3.3 which very closethe lowest reported in

the literature 3.26. The THD of the �lter is the lowest reported in the literature

0.5%. Choosing the gain to be 20 dB relax the MOS_Pseudoresistordesign. To

conserve power, a conventional Gm-Cell is designed to converter the voltage to

current with lowest power consumption 53nW which is very closeto ideal value

51nW. The noise of the gm is negligible. A current SAR ADC is designed to

reduce the power consumption. Choosing the input full scalecurrent and con-

trolling the I_D AC controls the power consumptions. Using Current SAR ADC

with very low I_D AC current would have the lowest power consumption in the

literature. The total power consumption of the whole systemis 416nW which is

lessby 46.5%than the lowest reported 895nW with a comparableFOM,Figure

of Merit.

7.2 Future Recommendations & Suggestions

� ProgrammableFilter could beimplemented for di�eren t bio-medicalsignal[33].

� Using the two current branches of the Gm block to have more symmetrical

current output.
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� Di�eren t SAR ADC could be usedto increasethe linearit y.

� Binary weighted or Segmented DAC could be used for higher resolu-

tions ADC. Using di�er ent selection strategies reduces the number of

current sourceswhich reduced the sourcesof mismatch and increasethe

linearit y[15].

� Reducing I_D AC in the ADC reducesthe power consumption. For ex-

ample, if I_D AC is 50pA, the power consumption of the ADC would be

round 55nW. However, very low voltage current mirror should be design

carefully.

� Di�eren t SAR Algorithm could be implemented to reduce the number of

cycleswhich reducesthe power consumption [65].

� Mismatch in the gm block and DAC to be calibrated or measurethrough

digital circuitry [56].

� Finally, to test the actual functionalit y of the design, the chip has to be

layouted and fabricated to take the measurements.

7.3 Design Con tributions

In general,this designexplorethe areaof using current modesystemfor biomed-

ical applications. The design contributions is listed as fallows:

� Choosingthe di�eren t design systemparametersto meet the requirements

of Pacemaker

� Designmethodology to choosethe required �lter typesfor di�eren t appli-

cations.

� Choosing �lter gain to be 20dB which is di�eren t from the rest of the

designs40dB. The DC gain relaxes the MOS_Pseudoresistor design. As
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a results, converting MOS connoteddiode could be implanted with Vtune

without complecteddesigntechniques.

� Designing band-pass�lter with 0.13�M which has not beendone before.

The lowest and most recent is 0.35 �M . Therefore, the chip area is lower.

� Eliminating the gate leakageof the MOS_Pseudoresistorcausedby smaller

technology by adding current bu�er in the OTA.

� Compensating the non linearit y of the gm by Tanh current steering DAC

which has not be implemented before. The compensation decreasesthe

power consumption while maintaining the sameaccuracy.

� Design methodology for di�eren t t ypes of Data Converters for di�eren t

applications.

� Current Successive Approximation with ultra low power consumption.

� Power analysis and optimization of the overall system
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8 Appp endix

8.1 Matab Code

DA C

function [ideal,non_ideal_tanh_mis,n on_ideal_tanh]=D AC(nbit,Cu,kk);

% % functi on [vmis]=D AC(nbit);

mm=[1e-2 0.5e-2 0.1e-2] % mismatch persentage

ideal=[];

non_ideal_tanh_mis=[];

non_ideal_tanh=[];

for j=(1:n bit);

er=(mm*randn(1)); %mismatch

C_ideal(j) =((2^(j-1))/(2^(n bit)));

jj1=Cu*(1/2^j);

C_nonideal_tanh_mis(j)=tanh(j j1)+tanh(jj1*er); %Tanh mismatch

jj=Cu*(1/2^j);

C_nonideal_tanh(j)=tanh(jj ); %Tanh without Mismatch

end

ideal=[ideal C_ideal]; ideal=ideal(nbit:-1:1);

non_ideal_tanh_mis=[non_id eal_tanh_mis C_non ideal_tanh_mis];

non_ideal_tanh=[non_ide al_tanh C_nonideal_tanh];

Comparator & Logic Circuit

function [counter,thresholds,bit]=Appr ox(input,n bit,f_s)

% input= input sample

% nbit= number of converter bits %

f_s= sampling frequency
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%**************************************************************

% global variables %

%**************************************************************

threshold(1,nbit+1)=0; % threshold array

counter=0; % converter decimal output

Iref=0.5;

threshold(1)=Iref; % 0 threshold t

hreshold(2)=Iref; % �rst threshold

threshold_id=Iref; % next ideal threshold

in=input;

%**************************************************************

for i=2:(n bit+1) % conversion cycle

% thresholds=[ ];

threshold(i) = threshold_id;

%**************************************************************

% successive approximation conversion

%**************************************************************

if (in-threshold(i)) > 0

threshold_id=(thresh old_id)+(1/2^i);

bit=1;

else

threshold_id=(thresh old_id)-(1/2^i); bit=0;

end

counter=(coun ter+bit*2^(n bit-i+1)); %storing

thresholds(i-1)=threshold(i); % storing the value of output

thresholds=[thresholds threshold];

end
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Calculating SQNR

fb=10;

f_s=2*fb; % BW

nbit=8; %simulation tric k,

f_in=10.003;

fres= 0.02; % de�ne FFT resolution (kHz)

nr_p eriods = round(f_in/fres); % simulate a whole number of periods =>

input falls into an FFT bin

%**********************************************************************

% Locaate the bins related to the main tone, as well as the inband bins

%**********************************************************************

signal_bins=nr_p eriods ; % pointer to main tone

inband_bins = [1:fb/fres]; % pointer to

inband bins noise_bins = setdi�(in band_bins,signal_bins); % pointer to

noisebins

N =round(nr_p eriods*f_s/f_in);

�n=an tismear(f_in,f_s,N);

in = 0.5+(0.5*sin(2*pi*�n*(1:N)/f_s)); % input signal

[ideal,non_ideal_tanh_mis ,non_ideal_tanh]=D AC(nbit);

th_non_ideal_mis=[];

th_non_ideal=[];

th_ideal=[];

for i=1:N % cycle for collect ADC outputs

[counter,thersh]=Appro x_D AC(in(i),n bit,f_s,non_ideal_tanh_mis);

[counter1,thersh1]=Appro x_D AC(in(i),n bit,f_s,(non_ideal_tanh));

[counter2,thersh2]=Appro x_D AC(in(i),n bit,f_s,(ideal));

th_non_ideal_mis= [th_non_ideal_mis thersh(nbit)];
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th_non_ideal= [th_non_ideal thersh1(nbit)];

th_ideal = [th_ideal thersh2(nbit)];

end

y1=y-mean(y);

�t y = (�t(y1)); % compute FFT

inband_p ower = �t y(inband_bins).*conj(�t y(inband_bins)); %

signal_power = sum(inband_p ower(signal_bins)); % sum signal power

noise_power = sum(inband_p ower(noise_bins)); % sum noisepower

SNR =10*log10(signal_p ower/noise_p ower) % calculate SNR in dB
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