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Abstract 

Heart rate variability (HRV) studies have shown that beat-to-beat interval variability 

is a strong indicator of a number of medical conditions, including heart failure, diabetes, 

and hypertension. Current HRV systems typically analyze pre-recorded high resolution 

ECG recordings. We demonstrate three analog signal processing systems on breadboard 

which extract real-time HRV data from ECG signals producing a simple output voltage 

that is more easily monitored or recorded, minimizing the requirements of the ADC. The 

accuracy on the order of I ms was achieved. These systems are integrated in O.5-J.lm 

CMOS technology with the chip size of 1.46x1.36 mm2
. As a comparison with the analog 

signal processing systems, we also built a digital signal processing microchip. The chip 

detects all R peaks with millisecond accuracy after the initial 2 seconds of data. The 

digital chip has an advantage of power consumption over the analog chip, whereas the 

major advantage of the analog systems is on ADC requirements. The third analog system 

minimizes resolution to 10 bits, sample rate and interface, thus reducing the cost and 

power consumption of ADC, while keeping high reliability and immunity to high drift of 

dc offset and high variation of R-R intervals. The size, the reliability and immunity to 

dc-offset drift and R-R interval variation of the digital chip are comparable to those of the 

analog chip. 
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two approaches is the partition between analog and digital signal processing. In Fig. 1.1 

(a), the analog block converts the heart rate into an analog voltage level before data is 

digitized, whereas in Fig. 1.1 (b), the digital module determines heart rate after ADC. In 

both cases, once the heart rate is determined it can be stored in memory and further 

processed to obtain HRV parameters [3). Analog signal processing (ASP) is typically 

used to condition weak biological signals in front end for analog to digital conversion or 

data transfer [10]-[17]. It has also been demonstrated that ASP can be used to convert 

ECG [18] and EMG [19] signals into a series of pulses to reduce data rate. We have 

demonstrated two novel ASP systems which convert the time between such pulses into a 

voltage derived from signal integration with a saw-tooth generator, thus further 

decreasing the data rate [20]. The system functionality has been demonstrated both with 

pre-recorded ECG signals and real-time finger pressure pulse data, with the R-R interval 

accuracy on the order of 1 ms. Analog signal processing can relax the resolution and data 

sampling requirements for analog to digital conversion and memory [21] over that needed 

in digital signal processing approaches where the full detail of the "signature" is digitized 

and recorded, and can produce interval data in real time without the need of costly high 

speed DSP chips. In this case we have shown that 1 ms accuracy can be achieved with 10 

bit analog-to-digital converter (ADC) resolution with a sampling rate as low as 10Hz. 

Digital signal processing is usually more programmable and lower power consumption 

than analog. Our digital microchip presented in [22] has a zero error from simulation 

results and strong rejection ability to DC offset. Comparison of analog and digital 

solutions is carried out, taking into account ADC requirements. 
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ECG -.j ASP H ADC ~I RAM I 
(a) 

ECG -.j ADC H DSP ~I RAM I 
(b) 

Fig. 1.1. System Block diagram: analog signal processing Cal, and digital signal processing Cb). 

Shaded blocks are integrated on chips. 

1.2. Ie Implementation 

Since the third system has slightly smaller error than the second system with higher 

reliability and less blocks, we only consider IC implementation of the first and the third 

system. All separated blocks are integrated in 3-metal 2-poly AMIS O.5f.Lm CMOS 

process, and the two systems are assembled using external connections. The operational 

amplifier is the main cell of the circuits, which is a standard op amp based on [23]. To 

reduce the capacitor size, we present a novel peak detector. All the other blocks are based 

on the standard designs from [24] with some modifications. 

The DSP chip is also implemented in AMIS O.5f.Lm CMOS process using Synopsys 

VHDL. 

1.3. Organization of this Thesis 

The architectures of three ASP systems are presented in Chapter 2. The limitation of 
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analog signal processor architecture presented in [20] is discussed. System level 

simulation in MATLAB which demonstrates the advantages of the second architecture is 

presented, followed by Pspice simulation, bread-board implementation and experimental 

results with pre-recorded and real-time ECG signals. Experimental results demonstrate 

the robustness and more than two-fold accuracy improvement of the two new 

architectures, while minimizing the ADC resolution to 10 bits. 

In Chapter 3, the IC implementation of the first and the third systems are presented. 

An op amp and a novel peak detector are introduced, followed by Spectre simulation, 

layout and experimental results. 

In Chapter 4, the system architecture, simulation and layout of the digital chip are 

presented. A new digital peak detector is introduced in detail. The advantages and 

disadvantages of the ASP systems and DSP systems are discussed at the end of Chapter 4. 

In Chapter 5, conclusions are drawn and suggestions for future research are 

discussed. 
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Chapter 2 

2. Analog Signal Processing 

The main motivation for this research is to explore the advantages of ASP for HRV 

studies. 

2.1. System Architecture 

2.1.1 . The First Design 

A I Peak NV 
detector 1 B 

C Saw-tooth D Peak E 
Comparator 

generator dcteclor2 ToAOC 

A2 Phase 
Shifter 

Fig. 2. I . Block diagram of analog signal processing system for heart rate extraction. Output 

voltage E is proportional to R-R interval. 

The block diagram of the analog signal processing system is shown in Fig. 2.1 [20]. 

The system architecture is based on converting an ECG signal into a series of short pulses 

(C in Fig. 2.1), which are integrated to produce saw-tooth waveform (D in Fig. 2.1 ) with 

each peak level proportional to the corresponding R-R interval. These peaks are then 

transformed into a smooth output voltage (E in Fig. 2.1), that can be digiti zed with a low 

sampling rate ADC. After the ECG signal is amplified and band-pass filtered, the signal is 

separated into two paths, A 1 and A2, that are routed through peak detector 1 (PD 1) and a 
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phase shifter, respectively. The role of PD I is to adjust the reference voltage for the 

comparator to a level slightly lower than the level of the R peaks. Since the output of PD I, 

8, lags the signal A2, a phase shifter is introduced to ensure that each R peak is compared 

with itself (A3). The comparator compares B with A3 to produce a series of short pulses 

C occurring at R peaks, as illustrated in Fig. 2.1. In Fig. 2.2, without the phase shifter (top 

graph), the rising of B occurs after the rising of each R wave due to the delay of PD 1, 

causing B to cross the rising edge of each R wave at a much lower level of each R peak. 

As a result, not only the duty cycle of C is large which will prove undesirable later, but 

also the square pulses are not aligned with the R peaks. The effect of the phase shifter is 

shown in the bottom graph. 
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Fig. 2.2. Comparison between the system perfonnance with and without phase shifter. 
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The time interval between every two adjacent pulses in signal C follows the 

corresponding R-R interval. This time interval is transferred into a voltage signal by using 

a saw-tooth generator to obtain signal D. The peak value for each saw tooth period is 

proportional to the integration time, which is the time interval that we are measuring. The 

last step is to determine the peak values of 0 by using Peak Detector 2 (PD2). The output 

of PD2, E, tracks the time interval between the peaks. As long as the duty cycle of C is 

very small, the peak value of 0 approximately equals the period of the ECG signal. 

Therefore, the duty cycle of signal C determines the system accuracy. In addition, 

although the phase shifter ensures that the square pulses of C are aligned with the peaks 

of R waves, the pulse width of the square waves varies a little with the pulse width of R 

waves. Thus, in order to increase the accuracy, the pulse width of signal C should be as 

narrow and constant as possible. Since E is proportional to beat-to-beat interval, this 

voltage is relatively smooth compared to the original input ECG signal, and will thus 

require a much lower resolution ADC than the input signal. The number of ADC bits is 

directly proportional to the desired accuracy in the time domain. Therefore, to achieve I 

ms accuracy in R-R interval detection, an ADC of 10 bits will be required, if the full 

range of E represents an R-R interval of I s. Since we are sampling the R-R interval and 

not the ECG signal, the sampling rate can be as low as 10 samples per second, and C 

could be used as sampling trigger. Thus the ADC can operate with a serial interface at a 

much lower speed and sampling rate, which can further reduce cost. Taking into account 

that human heart rate (HR) rarely exceeds the range of 40 to 150 beats/minute (1.4 s 

down to 0.4 s R-R interval), the ADC resolution requirement can be minimized to 10 bits. 

By removing offset voltage from signal 0 which corresponds to the average level 
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between 40 beats/minute and 150 beats/minute and amplifYing the variation of HR, we 

can further minimize the ADC resolution without compromising the accuracy while 

making the full use of the voltage range of signal D. 

2.1.2. The Second Design 

AI 
J'", 

Peak detector I 
liB 

B' C 
Subtractor I Comparator I Differentiator f--

A3 

A2 U LL IT Phase Shiner 

~ ++- C' 

E 
Peak detector2 

D' D Saw-tooth C" 
Comparator 2 I-ToADC Subtractor 2 generator 

mil I I ." ill w 11 
Fig. 2.3. Block diagram of the second design. This design minimizes the ADC resolution and 

achieves higher accuracy and reliability due to the narrow duration and constant width of co. 
pulses. 

To address the issues discussed in previous paragraph, we have designed a new 

analog processing system shown in Fig. 2.3. This design required four additional circuit 

blocks: two subtractors, a differentiator, and an additional comparator. In this system, 

signals A3 and B are input into subtractor 1 instead of a comparator. Comparator 1 

compares the difference between A3 and B with zero, which is equivalent to comparing 

A3 with B. Then we obtain a chain of narrow square pulses C. In order to decrease and 

fix the width of the square pulses, we employ a differentiator to extract only the falling 

20 



and rising edges of a square pulse and generate a positive pulse and a negative narrow 

pulse respectively per one square pulse of C. Comparator 2 transforms the positive 

narrow pulses into a series of positive square pulses C" while filtering out the negative 

ones. Since the slope of an edge of a square wave in C only depends on the parameters of 

the circuit, the pulse width ofC" is completely independent of the pulse width ofR waves 

and much narrower than that of C. Similarly to design shown in Fig. 2.1, signal C" is 

routed through the saw-tooth generator to produce signal D. In order to extract the 

variation part of D, we use subtractor 2 to remove the offset corresponding to the highest 

expected heart rate and further amplify the variable component. The last step to produce 

the signal E is the same as in Fig. 2.1. 

The relationship between E and the interval between two adjacent square pulses of 

COO can be expressed as 

(2.6) 

where V E is the output of PD2, Asub2 is the gain of subtractor 2, ksaw is the slope of the 

saw-tooth waves, ""tsquare is the square pulse interval, and Voffset is the offset voltage with 

which subtractor 2 subtracts D. Thus the beat-to-beat interval determined by the output of 

the system is given by 

I ( VE J ""t oU/pu' = k A + Vojj'et , 
saw $ub2 

(2.7) 

where ""!output is the beat-to-beat interval determined by the output of the system. Equation 

(2.7) can be used to determine Voffsct when designing the system and then analyze system 

error. 
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Assuming that all system blocks are ideal, we analyzed the accuracy of the two 

systems using MATLAB. As discussed above, the first design uses the difference between 

signal B and the value of R peaks to generate signal C, thus increasing the pulse width of 

C for larger difference. Since the pulse width of C is not negligible, the interval between 

two adjacent narrow square pulses of C is not exactly the same as the beat-to-beat interval. 

Additionally, a phase shifter creates a delay which lets the capacitor in PDl discharge by 

a small amount, resulting in a signal B crossing the rising edge and the falling edge of 

each R wave at different voltage levels. Hence, each square pulse of C is not perfectly 

aligned with each R peak. Besides, the pulse width of C varies with different pulse width 

of R waves, considering the discharging speed of the capacitor in PDl is constant. These 

three issues cause an unavoidable systematic error, increasing with the increment of the 

difference between B and R peaks. We calculated this error by comparing the intervals 

between square pulses of C with beat-to-beat intervals and analyzed the relationship 

between the B-R peak difference and the error. 

Second design employs similar method for detecting the R peaks, and thus also 

relies on B-R peak difference. However, in this design the pulse width of signal C" is 

negligible and constant, and the interval between each square pulse of C" and each R 

peak and more importantly its variation are small, significantly reducing the systematic 

error. The error is calculated similarly to that of the first design, and we can ignore all the 

blocks after comparator 2 assuming the components are ideal. 

The pre-recorded ECG test signals for accuracy analysis were obtained from the 

PTB Diagnostic ECG Database [25]. Comparison of the systematic error as a function of 

the B-R peak difference coefficient of the two designs is shown in Fig. 2.4, with the stars 
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corresponding to the first design and, the crosses to the second design. 
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Fig. 2.4. Comparison of the systematic error for the two designs as a function of difference 

coefficient. While the error in the first design increases with increasing difference, the second 

design is almost insensitive to this parameter. 

The difference coefficient is defined as 

Rpeak-B 
Difference coefficient = -'----

Rpeak 

The error is mean square error given by 

(2.8) 

(2.9) 

where £ is the mean square error, !ltbeat is the beat-to-beat interval, !llsquare is the interval 
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between two adjacent square pulses of C or C", and n is the number of R-R intervals. 

While the error of the first design increases proportionally to the difference coefficient, 

the error of the second is almost constant. Fig. 2.4 also indicates that the difference 

coefficient should be kept below I % to assure that the error will be on the order of 1 ms, 

assuming that the system blocks are ideal. We can expect that the error of the real system 

will be slightly higher than that shown in Fig. 2.4, due to non-idealities of the circuit 

components. 

In summary, in order to reduce the error in the first design, we need to make signal B 

as close to R peaks as possible. However, if signal B is very close to R peaks, some 

square pulses C might be missed due to noise or varying OC level in ECG signal. Thus, 

there is a tradeoff between accuracy and reliability. The second design mitigates the 

tradeoff, increases the reliability, and reduces the error. Nevertheless, even though all the 

components are ideal, each square pulse of C" is still not perfectly aligned with each R 

peak, and the error is mainly caused by the variation of the interval between each square 

pulse of C" and each R peak. Moreover, since the second design has four more circuit 

blocks than the first design, the complexity and power consumption are nearly doubled. 

2.1.3. The Third Design 

If PO 1 could offer the time information of each R peak besides the peak value, 

combining the improvements of the second design, all the three issues discussed above 

will be solved, and the systemic error will be zero. Assuming PO I gives a falling edge at 

each R peak, we come up with the third system shown in Fig. 2.5. The differentiator 

converts the falling edge of B into a positive narrow pulse, and the comparator extracts 
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the positive pulses while filtering out the negative pulses. All the blocks after the PDl are 

basically the same with the corresponding blocks in the second design. Therefore, the 

third system not only eliminates the error in theory but also has all the other advantages 

of the second system over the first one. Another advantage is that it has fewer blocks than 

the second one and thus has lower complexity and power consumption. Based on the 

second design, the main task of the third system is to make PDl capable of accurate time 

information of each R peak instead of the peak value, which we will discuss later. 

A B' 
Peak detectorl Oifferentiator Comparator -

B i tt- 11 C 

E 0' 0 Saw-tooth Peak detector2 Subtractor 
generator 

ill w 
Fig. 2.5. Block diagram of the third design. This design also minimizes the AOC resolution and 

achieves zero theoretical error and high reliability due to the narrow duration and constant width 

ofC pulses. 

2.2. Pspice Simulation 

As a preliminary design, we designed and simulated all the three systems on OreAD 

Pspice based on [24] with some modifications. All five blocks of the first design are 

reused for the second design with small modifications, and the blocks of the second 
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· version from differentiator to P02 are reused for the third design. PO 1 of the third design 

is slightly different from that of the first and the second design. 

2.2.1. Peak Detectors 

The basic analog peak detector consists of a diode and a capacitor. There are so 

many disadvantages that we have to modify it: l) the output is at least a forward biased 

voltage lower than the input; 2) if the capacitor is small, the voltage across the capacitor 

cannot be held long enough due to the leakage current; if the capacitor is large, it draws a 

large charging current from the previous stage and the speed is very low; 3) it cannot 

maintain the voltage across the capacitor when it is required to provide a large current to 

the load; 4) the reverse leakage current of a common diode is large. 

First, we add a voltage follower, UlB, to increase the driving capability and isolate 

the effects of the next stage, shown in Fig. 2.6. Second, we introduce a comparator, UlA, 

before the diode. This comparator compares the output with the input and amplifies the 

difference to eliminate the difference between the output and the input by introducing this 

feedback. What is more important for the third design, it offers the time information on 

each R peak. When the input is lower than the output, the voltage across the capacitor is 

held and the voltage is falling slowly due to nonideality of the components, which is also 

necessary to create the B-R peak difference as discussed in Section 2.1. Therefore, when 

an R wave comes, since B is smaller than the R peak, the comparator outputs a high 

voltage close to the positive power supply to charge the capacitor and drive the output 

following the input. When the input signal begins to fall from its R peak, the comparator 

outputs a low voltage close to the negative power supply, creating a falling edge, and the 
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output is held. As long as the comparator is fast enough, the interval between the falling 

edge and the R peak is negligible and its variation is independent of R waves. However, a 

problem brought by the comparator is that the reverse biased voltage is very high when 

the output is lower than the input, resulting in a large reverse leakage current. Third, we 

add another diode, D2, in series with the diode, D3, and a resistor, RI, to pull up the 

voltage on the p junction of D3 when it is reverse biased. These three modifications 

reduced D3 to a small value, ISOpF, thus increasing the speed. Last, we introduce a 

unidirectional feedback using a diode, D 1, to force the comparator to linear region when 

the input is smaller than the output. Without this feedback, some transistors in the 

comparator are in triode region or cut-off region when the input is smaller than the output, 

and the transition of these transistors will cause a significant time delay. With this 

feedback, we can use a cheap common op-amp for the comparator instead of an 

expensive high-speed comparator. 

We chose a low offset, low drift, dual-JFET-input op-amp, LF412A. The offset 

voltage of the op-amp will directly affect the accuracy of peak detector and dual input 

op-amps save area. Finally, we came up with the schematic shown in Fig. 2.6. 

D1 
V .. 

( 
V" R1 V .. U1B 

U1A 4 V- LF412 

R2 

2~ v- LF412 
~'--..., 

7 
02 D3 OU ~ PD10ut 

POlin 

1 '.:--< R3 OU 

1e1 
'Lv.' 

v. 
v_ Vco 

( 
Vco V" 

Fig. 2.6. Schematic of peak detector. 
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In the first system, we used a 270 pF capacitor in PD2, considering the peaks of D 

do not vary much. In the second system, we used a 47 pF capacitor in PD2, considering 

the variation of the D peaks is amplified by subtractor 2. In the third system, since what 

we need is only the time information rather than R peaks, the output of PD I is the output 

of the comparator VIA shown in Fig. 2.6 instead of that of the voltage follower VI 8, and 

the unidirectional feedback diode is removed to let VIA create falling edges. PD2 is the 

same with that in the second system. 

2.2.2. Phase Shifter 

Phase shifter introduces a time delay to the input signal. In our systems, this delay 

time and the gain has to be constant for any frequency in the signal bandwidth to avoid 

linear distortion. Thus the phase must be proportional to the frequency. The first order 

non-inverting phase shifter is much easier to design and adjust than higher order phase 

shifters and good enough for our systems, shown in Fig. 2.7. 

RF 

Vee 

Rf OP-07 4 
2 

PSj,,,-~-, 
Rt 

1t>---,,6_~-c-ysout 

L----J\N'v-~-""1 + 7 

U7 

Vee 

Fig. 2.7. Schematic of first order non-inverting phase shifter. 
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We define the frequency at the half of the maximum phase shift as the center 

frequency. Since the maximum phase shift of the first order phase shifter is -1800
, the 

center frequency is at the phase of -900
• The phase response of the first order phase 

shifter is not linear in the whole frequency range according to Eq. (2.10). To achieve 

(f) 
linear phase response, must be much smaller than one. Thus we simply set the 

(f)o 

center frequency much higher than the signal bandwidth, considering the signal 

bandwidth is from 0.1 - 50 Hz. 

From the schematic shown in Fig. 2.7, if we let RF=Rf for simplicity, we can easily 

calculate gain AGOJ) and the phase <1>( OJ) 

1 
. (f) 

-j-

A (J(f)) = (f)o , 

I 
. (f) 

+j­
(f)o 

cD( (f)) = _2tg-1 
( ;,), 

where roo is the center frequency defined by 

1 
(f)o =--. 

R,C, 

(2.10) 

(2.11 ) 

We need to add a larger time delay on EeG signals than that of PD I. As discussed in 

section 2.1, B must be a slightly lower value than the peak values of A3, to generate C 

with a small duty cycle. The larger time delay mentioned above imposes the difference 

, 
between the peaks of A3 and B. Thus, when A3 reaches the peak of the current R wave at 

one of the inputs of the comparator, B, at the other input of the comparator, has decreased 
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from the peak value of the current R wave to a little lower voltage (-1% lower than A3) 

due to discharge of the capacitor in PD I. The R,C time constant must be large enough, 

whereas the center frequency OlO must be much higher than the signal bandwidth on the 

other hand. We chose R, = 10k and C, = 0.1 Il. which yields the center frequency, fo = 

160Hz, much higher than the signal bandwidth of 50 Hz. To verify the phase response is 

linear enough, we analyzed the data from Pspice siniulation and calculated the linear 

correlation coefficient defined by 

L(t, -7)(p, -];} 
r = 0.9999, 

~L(t, - I)' "L(p, _ ];)' 
(2.12) 

where f is the frequency, p is the phase, and i is the index of each datum. The phase shift 

is _28 0 at 40 Hz frequency. Therefore, the time delay introduced by the phase shifter is 

1.9 ms. 

2.2.3. Subtractors and Comparators 

To generate a square pulse at each R peak, we have to make sure each B' signal 

pulses reach positive values. Therefore, a low input offset voltage and low drift are very 

important, so we chose an OP07E op-amp to build a differential amplifier with a gain of 

10 to amplify the difference between B and R peaks in subtractor I. Also, to keep the 

reliability, the gain cannot be too high. The schematic is shown in Fig. 2.8. 
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Fig. 2.8. Schematic of subtractors. 

Subtractor 2 subtracts D with a reference voltage generated by a Zener diode. This 

voltage level and the gain are determined based on the slope of the saw-tooth waves and 

the range of HR, using Eq. (2.7). In the second and the third designs, the slope of the 

saw-tooth waves is 6 Vis, the range of R-R interval is from 0.4 s to 1.4 s (HR=150-40 

beats/minute), and the mean value of this range is 0.9 s corresponding to 5.4 Vis. 

Therefore the offset voltage is 5.4 V and the gain is 5, considering that the output range of 

subtractor 2 is nearly ± 15 V. 

In the first design, we used the basic comparator to make the pulse width of C as 

narrow as possible. We choose an LM6171 op-amp and limited the output peak-to-peak 

value to around 12 V by two Zener diodes, 1 N5231B. The comparator also outputs 

another square wave to control the saw-tooth generator and discharge the integration 

capacitor. In the second and the third designs, for the comparators, we employ Schmitt 

triggers with two threshold voltages to increase the noise rejection, shown in Fig. 2.9, as 

the pulse width is either irrelevant to the accuracy for comparator 1 or negligible for 
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comparator 2. Since the difference between Band R peaks is very small, subtractor I is 

used to provide the gain to ensure that the B-R peak difference is larger than the 

difference between the two threshold voltages. The only difference between the two 

comparators is that comparator I has a zero upper threshold voltage, whereas comparator 

2 has a positive upper threshold voltage to extract only the positive pulses of C'. The 

tolerance of 0.2 V (the difference between the lower and the upper threshold) is sufficient. 

R9 
Vee 

LM617ljA N 
3 V· 

+ 
RB 6 ou 

2 R5 

R7 U 01 

02 

Vee 

Fig. 2.9. Schematic of Comparators. 

2.2.4. Differentiator 

The relationship between input and output of a basic differentiator is given by 

v:,., (t) = -T}o dV;n (t) 
dt 

(2.13) 

where 'F is the differentiation time constant. However, Eq. (2.13) is derived under the 

condition that all the components are ideal. Practically, the basic differentiator suffers 
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from low input impedance, low stability and high noise. If the op-amp has a single pole, 

the transfer function can be expressed as 

(2.14) 

where Oln is the natural angular frequency and I; is the damping factor defined by 

(2.15) 

where Ao and TO are the open-loop gain and the open-loop time constant respectively. 

From Eq. (2.15), s« 1. Therefore, the basic differentiator is unstable and the noise near 

the natural frequency is amplified by a large amount. Hence, we have to compensate it. 

We added a resistor III series with the differentiation capacitor to increase the 

damping factor and simultaneously reduce the noise, and connected a capacitor in parallel 

with the feedback resistor to further reduce the noise. The schematic is shown in Fig. 2.10. 

The transfer function is modified to be 

(2.16) 

where TF = RFCr, Tr = RtCr, and TFJ = RFCF. Let s = I and r f = r FI = _1_, we obtain 
{))n 

33 



(2.17) 

where fc is the unity-gain bandwidth of the op-amp. We use a 100 ill resistor for RF and a 

470 pF capacitor for Cf, and obtain the output with around 40 !lS pulse width. Then we 

can determine Rf and CF using the equations above. 

RF 

CF 

Vee 

~o Vee 

Fig. 2.10. Schematic of differentiator. 

2.2.5. Saw-Tooth Generator 

In the first system, the saw-tooth generator is designed based on the basic integrator, 

shown in Fig. 2.11. Since each R-R interval is in the order of 1 s, if we directly input the 

signal C, the integration time constant will be too large. Thus we add an attenuator to 

attenuate the amplitude of C equivalent to reducing the time constant. We also use an 

OP07E op-amp, since the low offset voltage and low distortion of the op-amp are both 

important factors for an integrator. When the comparator outputs a higher voltage, a 
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MOSFET, 2N7000, in parallel with the integration capacitor is in the triode region, and 

thus discharges the capacitor. The integration time constant is designed based on the 

lower heart rate limit, 40 beats/minute, and the output voltage range of the saw-tooth 

generator, considering practical component values as well. When the comparator outputs 

lower voltage, the transistor is in the cut-off region and the saw-tooth generator starts 

integration. Thus we obtain a chain of saw-tooth waves whose peaks are proportional to 

beat-to-beat intervals. 

SAWGENi Vee U, 

4 
V- OP-O? 

R28 2 
0 R29 

au 6 2 

3 
+ 7 0 

V+ 3 
Vee 

R30 OP-07 

R31 

~O 
~O 

Fig.2.11. Schematic of saw-tooth generator in the first design. 

3 

Ml 
2N7000lPLP 

C38 

Vee 

Ul~ 

't>--"---'--<:"'::>SAWGENout 

+ 

Vee 

In the second and third systems, we employ another configuration that may be more 

robust as shown in Fig. 2.12. The equation between the input and the output is given by 

(2.18) 

35 



RF 

Rf US 7 
V' , 

SAWGENi;oC::>---'\'Iv--'--'L! R 

OU 
, 

RF . , 
v· 

Rf 

Ctrlc>-----------------l 

R 

Voo 

il>-"----+--<=_> SAWGENou\ 

"' 9 2N7000lPLP 

l Vee 

~O 

Fig. 2.12. Schematic of the saw-tooth generator in the second and the third systems. 

2.2.6. Simulation Results 

The performance of the three systems was simulated using an ECG signal from the 

PTB Diagnostic ECG Database [25] as the input signal source. Output waveforms are 

shown in Fig. 2.13-2.15. Traces in Fig. 2.13-2.15 correspond to the outputs of the system 

blocks in Fig. 2.1, Fig. 2.3 and Fig. 2.5 respectively. In Fig. 2.13, the top two traces, A 

and B, show the input ECG signal and the output ofPD1, the middle trace, C, shows the 

narrow square pulses at the output of the comparator, and the bottom traces, D and E, 

show outputs of the saw-tooth generator and PD2 respectively. In Fig. 2.14, the top two 

traces, A3 and B, show the outputs of the phase shifter and PD1, the second trace, B', 

shows the output of subtractor 2, the third-fifth traces, C-C", show the outputs of 

comparator 1, the differentiator and comparator 2, the sixth trace, D, shows the output of 

the saw-tooth generator, and the bottom traces, D' and E show outputs of subtractor 2 and 

PD2 respectively. In Fig. 2.15, the top trace, A, show the input ECG signal, the second 
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and third traces, Band B', show the outputs of PD 1 and the differentiator, the fourth trace, 

C, shows the output of the comparator, the fifth trace, D, shows the output of the 

saw-tooth generator, and the bottom traces, D' and E show outputs of subtractor 2 and 

PD2 respectively. 

PSpice Simulation 
4,--------,--------.--------,--------,--------,--------, 
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1-- c 1 
~ 5 
~ E 0 

5 -5 

·10 
13 14 15 16 17 18 19 

Time (8) 
6 ------ ------ -------

E]J ?: 4 --- E 

~ 
~ 2 

.<;! 
g 0 

·2 
13 14 15 16 17 18 19 

Time (8) 

Fig. 2.13. First system input signal (A) and output signals (B-E) obtained using the Physionet 

EeG signal. Traces A-E correspond to the system block outputs indicated in Fig. 2.1. 
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Fig. 2.14. Second system input signal (A) and output signals (B-E) obtained using the Physionet 

ECG signal. Traces A-E correspond to the system block outputs indicated in Fig. 2.3. 
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Fig. 2.15. Third system input signal (A) and output signals (B-E) obtained using the Physionet 

ECG signal. Traces A-E correspond to the system block outputs indicated in Fig. 2.5. 
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Fig. 2.16. Input ECG signal (top graph) and comparison of R-R interval determined from PD2 

output on PSpice simulation and from input signal using MATLAB (bottom graph). 

For the first design, the output of PD2 is a voltage linearly proportional to the R-R 

interval by the slope of the saw-tooth waves that is dependent on circuit components. 

This proportionality coefficient can be easily calculated by either the parameters of the 

circuit or, more accurately, comparing the output of PD2 with the reference R-R intervals 

computed using MATLAB during the first several periods of the test. For the second and 

the third designs, the R -R interval determined by the output can be calculated from Eq. 

(2.7). Parameter ksaw can be obtained in the same way as for the first design, and Asub2 and 

VoJT,,' are determined by the circuit components of subtractor 2. 

We analyzed the accuracy of the Pspice simulation results by comparing the output 

ofPD2 and the R-R intervals of the input signal shown in Fig. 2.16 (top graph), processed 
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using MATLAB. Since the results of the three systems are very close, only the fust one is 

shown. In the bottom graph of Fig. 2.16, the crosses indicate the R-R intervals as a 

function of time determined by MATLAB and the triangles indicate those determined by 

the output of PD2. 

2.3. Prototype Experimental Results 

All the three designs were implemented on breadboards using off-the-shelf circuit 

components listed in Appendix A with almost the same values as those in the PSpice 

simulations. Fig. 2.1 7-2.19 show photographs of the three systems. 

• .......... l' .... If .............. . · ......... " .................. . · ........................................ .. .. .. .. .. .. .. .. . . .. .. .. .. .. .. .. .. , .................... . .. .. .. .. ,. . .. ... .. ............ . 

Fig. 2.17. Photograph of the first analog signal processing system implemented on a 

breadboard. 
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breadboard. 

Photograph of the second analog signa l processmg system implemented on a 
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Fig. 2.19. Photograph of the third analog signal processing system implemented on a 

breadboard. 

As a preliminary test, we imported the ECG data obtained from [25] into a function 

generator, HP33120A, using IntuiLink, to use it as an input signal. We low-pass filtered 

the signal from the function generator using a 50 Hz 3-dB frequency with a -40 

dB/decade slope. Output waveforms are shown in Fig. 2.20-2.22. Traces in Fig. 2.20-2.22 

correspond to the outputs of the system blocks in Fig. 2.1 , Fig. 2.3 and Fig. 2.5 

respectively. In Fig. 2.20, the top two traces, A and B, show the input ECG signal and the 

output of PD I, the middle trace, C, shows the narrow square pulses at the output of the 

comparator, and the bottom traces, D and E, show outputs of the saw-tooth generator and 

P02 respectively. In Fig. 2.21, the top two traces, A and B, show the input ECG signal 
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and the output of PD 1, the second trace, B', shows the output of subtractor 2, the middle 

trace, C, shows the narrow square pulses at the output of comparator 1, the fourth trace, D, 

shows the output of the saw-tooth generator, and the bottom traces, D' and E show 

outputs of subtractor 2 and PD2 respectively. The pulse width of C" in the improved 

design is 38 I-LS and its variation is less than I I-LS, whereas the pulse width of C in the 

original design is 2.2 ms and its variation is around I ms. This indicates the improved 

design achieves our improvement goals discussed in Section 2.2.1. In Fig. 2.22, the top 

trace, A, show the input ECG signal, the second and third traces, Band B', show the 

outputs of PD I and the differentiator, the fourth trace, C, shows the output of the 

comparator, the fifth trace, D, shows the output of the saw-tooth generator, and the 

bottom traces, D' and E show outputs of subtractor 2 and PD2 respectively. 

Experimenlal Results from TDSa014B 
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Fig. 2.20. First design breadboard input signal (A) and output signals (B-E) obtained using the 

Physionet ECG signal and TDS3014B oscilloscope. Traces A-E correspond to the system block 

outputs indicated in Fig. 2.1. 
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Fig, 2.21. Second design breadboard input signal (A) and output signals (B-E) obtained using 

the Physionet ECG signal and TDS30l4B oscilloscope. Traces A-E correspond to the system 

block outputs indicated in Fig. 2.3. 
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Fig. 2.22. Third design breadboard input signal (A) and output signals (B-E) obtained using the 

Physionet ECG signal and TDS3014B oscilloscope. Traces A-E correspond to tbe system block 

outputs indicated in Fig. 2.5. 

In order to analyze the system accuracy, we used a PC based data acquisition system 

with a DT9804 ADC card. A real-time three-lead ECG signal was sampled at 1 kHz with 

l6-bit resolution. We amplified and band-pass-filtered the input signal with a gain of 74 

dB and a bandwidth of 1 Hz (-20 dB/dec) to 100 Hz (-20 dB/dec) using a Stanford 

Research System Low Noise Preamplifier. The test lasted 5 minutes. Fig. 2.23-2.25 show 

a lO second segment of the test data for the three designs. In Fig. 2.23, the top graph 

shows the input real-time ECG signal and the bottom graph shows the output traces 

where the dashed line is the output of the saw-tooth generator and the solid line is the 

output of PD2. In Fig. 2.24 and Fig. 2.25, the top graph shows the input real-time ECG 

signal and the bottom graph shows output traces where the dashed line is the output of 
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subtractor 2 and the solid line is the output of PD2. 
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Fig. 2.23. Ten second segment of breadboard input (top graph) and output signals (bottom , 
graphs) of the first design obtained using real time three-lead ECG signal and a PC-based data 

acquisition system. 
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Fig. 2.24. Ten second segment of breadboard input (top graph) and output signals (bottom 

graphs) of the second design obtained using real-time three-lead ECG signal and a PC-based data 

acquisition system. 
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Fig. 2.25. Ten second segment of breadboard input (top graph) and output signals (bottom graphs) 

of the third design obtained using real-time three-lead ECG signal and a PC-based data 

acquisition system. 

We analyzed the accuracy of the measurement results with MATLAB. Fig. 2.26-2.28 

show the R-R interval as a function of time for a five minute period, determined from 

ECG signals using MATLAB (top trace) and from the outputs of the three analog signal 

processing systems (bottom trace) respectively. Since the agreement between these two 

traces is very close, they would overlap if plotted on the same graph. We calculate the 

mean square errors of the two designs given by 

(2.19) 

where [ltbeat is the reference R-R interval determined on MATLAB. For more meaningful 
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error analysis, the error should be nonnalized to the R-R interval variation. We define the 

relative error as 

G relallve = ( ) xl 00%, 
t:. t:.t b,al 

(2.20) 

where £ is defined in Eq. (2.19) and t:.(t:.tbeat) is the R-R interval variation. Table 2.1 

compares the error of the three systems. It indicates the improvements of the second and 

the third designs. The error of the third design is similar to that of the second. One of the 

main reasons is that the comparator in PDI of the third system is sensitive to noise, since 

it is a basic comparator. If the noise is high, it may create more than one falling edge near 

each R peak, resulting in the signal C with a larger pulse width. However, the third 

system has fewer blocks, and thus less complexity and power consumption than the 

second. The difference coefficient of the first design was adjusted to around 1.2% to 

assure that all ECG peaks were going to be detected, otherwise some ECG peaks will be 

missed as illustrated in Fig: 2.29. Fig. 2.29 shows a fifteen second segment of the first 

design breadboard input (top graph) and the saw tooth generator (bottom graph) output 

obtained using real time three-lead ECG signal and a PC-based data acquisition system. 

The difference coefficient was set to 0.76% to achieve accuracy close to 1 ms, however 

due to the small difference coefficient and a varying DC offset in the ECG signal, a peak 

at around 11 seconds was not detected by this system. This demonstrates the trade-off . 

between the reliability and accuracy, which was overcome by the second and the third 

designs. 
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TABLE 2.1. 

THE ERRORS OF THE THREE SYSTEMS 

Mean Square Error (ms) Relative Error 

First System 4.2 2.8% 

Second System 1.6 1% 

Third System 1.4 1% 

Matlab vs. Experiment (The First Design) 
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Fig. 2.26. Comparison between the R-R intervals determined from real-time three-lead ECG 

signal using MATLAB (top graph) and the breadboard PD2 output (bottom graph) over a five 

minute interval for the first design. Due to close agreement between the two, the R-R intervals 

would overlap if plotted on a single graph. 
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Fig. 2.27. Comparison between the R-R intervals determined from real-time three-lead ECG 

signal using MATLAB (top graph) and the breadboard PD2 output (bottom graph) over a five 

minute interval for the second design. Due to close agreement between the two, the R-R intervals 

would overlap if plotted on a single graph. 
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Matlab vs, Experiment (The Third Design) 
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Fig. 2.28. Comparison between the R-R intervals determined from real-time three-lead ECG 

signal using MATLAB (top graph) and the breadboard PD2 output (bottom graph) over a five 

minute interval for the third design. Due to close agreement between the two, the R-R intervals 

would overlap if plotted on a single graph. 
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Experimental Results of The Original Design 
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Fig. 2.29. Fifteen second segment of the first design breadboard input (top graph) and the saw 

tooth generator (bottom graph) output obtained using real time three-lead ECG signal and a 

PC-based data acquisition system. The difference coefficient was set to 0.76% to achieve 

accuracy close to I ms, however due to the small difference coefficient and a varying DC offset in 

the ECG signal, a peak at around 11 seconds was not detected by this system. 
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Chapter 3 

3. IC Implementation of ASP 

All separated blocks of tbe three designs are integrated on chip in 3-metal 2-poly 

AMIS 0.51lm CMOS process. We designed the schematics on Cadence Composer, 

simulated them using Cadence Spectre, drew tbe layout on Cadence Virtuoso. The main 

cell of the circuits is the op-amp, so the main task of the Ie implementation is to design 

the op-amp. For the system blocks, we will discuss only the peak detectors in this section, 

because other blocks are almost the same as the breadboard implementation witb small 

modifications. 

3.1. Operational Amplifier 

Operational amplifier is a necessary cell in analog circuit design being used as an 

example in portable equipment, wireless communication products, hearing aids, and 

consumer electronics. Some recent designs suggest some solutions for operation at lower 

supply voltages [26]-[28], higher gain [27]-[29], bandwidth, and efficiency. An 

active-feedback frequency-compensation technique for low-power operational amplifiers 

is presented in [30]. Another low-voltage low-power three-stage amplifier with a new 

positive feedback frequency compensation is introduced in [31]. 

Since high linearity is achieved by deep negative feedback, the open-loop gain is 

one of the most specifications for the accuracy of the systems. We employ deep feedback 

to ensure high linearity, so the small-signal gain of tbe op-amp is the most critical 
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specification and must be high. Although the bandwidth of the signal is 0.1 - 50 Hz, the 

outputs of the differentiator, the comparators, and the saw-tooth generator have some 

high frequency components. For example, in the first design, the signal C with a 2 ms 

pulse width has a bandwidth of at least 3 kHz. Therefore, bandwidth and slew rate must 

be high enough. From the discussion in section 2.2, the input offset of the op-amp is also 

critical. It limits the precision with which signals can be measured, resulting in errors to 

each block. The offset in the saw-tooth generator directly degrades the accuracy. Its drift 

changes the difference between B and R peaks, and thus degrades stability and reliability 

of the first and the second designs. Besides, it may experience so much gain that it drives 

the latter stages into nonlinear region. Hence, input offset and its drift must be as low as 

possible. Last but not the least, power consumption is surely as low as possible. In 

summary, the specifications are: small-signal gain::O: 80 dB, bandwidth::O: I kHz, slew rate 

::0: 5 V/ms, and input offset ~ 5 mY. 

Since the gain is more important than the speed, we use two gain stages plus a class 

AB output stage to simultaneously achieve high gain, large voltage swing, and low output 

impedance. 

3.1.1. Input Stage 

The small-signal gain of the basic differential pair with current-source loads can 

hardly exceed 20 with typical current levels [32]. We need at least three gain stages to a 

gain of Ix104. However, we always try to minimize the number of poles while meeting 

other requirements to increase stability. An op amp with more than two stages is not 

desirable. Thus, we have to improve the input stage. Basically, there are only two ways in 
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which the gain of a single stage could be increased: (1) increase the transconductance and 

(2) increase the output impedance. The second approach is more attractive than the first, 

because the output impedance increases in proportion to a decrease in bias current, 

whereas the transconductance increases as the square root of the increase in bias current. 

Therefore, it is generally more power efficient to increase the output impedance than the 

transconductance. The output impedance can be increased significantly by cascode 

configuration. The telescopic cascode with single-ended output configuration is shown in 

Fig. 3.1. 

Vdd 

Vout 

M3 M4 
Vb 

Vin-

M9 
Vb9 

Vss 

Fig.3.1. Schematic ofthe telescopic cascade with single-ended output. 

One disadvantage of this configuration is that the output voltage swings are limited. 
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the overdrive voltage. We can reduce VOD6 and VoDs by employing low-voltage cascode 

configuration on the casco de current source, or switch to folded cascode for the input 

stage. The voltage swing of a folded cascode is only slightly higher than that of a 

telescopic configuration. This advantage comes at the cost of lower voltage gain, lower 

pole frequencies, higher power consumption, and higher noise. As discussed in the 

previous paragraph, since the gain, stability and power consumption are critical and input 

common-mode levels can be kept not too high in our design, we use a telescopic 

configuration with low-votlage cascode current source for simplicity shown in Fig. 3.2 

[23], although folded-cascode op amps are used even slightly more than telescopic 

topologies. 
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Vdd 

R Voul 

M3 M4 
Vb 

Vin-

M9 
Vb9 

Vss 

Fig. 3.2. Schematic of the telescopic cascode with low-votlage cascode current source. 

We have to set VODl :::; Vth7, in order that all the transistors are in saturation region. 

Since V05 = Voss + VODl ' the cascode current source consumes minimum headroom (the 

sum of the overdrive voltages of M6 and MS) while both M7 and MS and M5 and M6 

sustain almost equal drain-source voltages, significantly increasing the accuracy of 

copying the drain current. The value of resistor R should be slightly smaller than a 

threshold voltage. The output impedance is given by 

(3.1 ) 

The output impedance is increased by about two orders of magnitude, which means 
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the gain will be increased by the same factor. 

The transistors M3 and M4 are biased by Mbl-Mb5 shown in Fig. 3.3 [23]. Mbl and 

Mb2 provide the bias current for PMOS current mirror, Mb3. Mb4 provide the bias 

current for Mb5, and thus Ib5 = Ibl + Ib2. When the common-mode input voltage goes into 

MI, M2, Mbl, and Mb2, VGb5 increases with the increment of the common-mode input, 

forcing VDI to increase. As a result, the common-mode input range increases. 

Vdd 

Mb3 Mb4 

R Vout 

M3 Mb5 M4 

Vin+ Vin-

M9 
Vb 

Vss 

Fig. 3.3. Schematic of the input stage. 

One advantage of this input stage is that it has only one dominant pole at the output 
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of the stage. The dominant pole occurs because of the very high impedance at the output 

node, whereas the impedance levels at other interval nodes are much lower, because most 

of them are in parallel with IIgm• 

The gain is given by 

(3.2) 

where R,ut is defined by Eg. (3.1). 

3.1.2. Output Stage 

In order to lower the quiescent power dissipation and increase the power efficiency, 

we use the class AB shown in Fig. 3.4 [23]. The two inverters consisting of MID, M13 

and Mil, M 14 are the crossover stage. The purpose of the inverters is to provide gain, 

compensation, and voltage shift to set the dc operating points of the two output transistors, 

MI2 and MIS. The gain of the path from Vin to MI2 must be the same with that of the 

path from Vin to MIS, otherwise there will be some distortion. MI2 and MIS should be 

big enough to lower the output impedance of the op amp. CI and C2 are compensation 

capacitors which are 3 pF respectively. 
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--~------------- -----

Vdd 

M13 M14 M15 
Vin 

M10 M11 M12 
Vb 

Vss 

Fig. 3.4. Schematic of the class AB output stage. 

3.1.3. Current Source and Current Mirror 

The output impedance is basically inversely proportional to the drain current, 

whereas the transconductance is proportional to the square root of the drain current. 

Therefore, the smaller the tail current of the input stage, the higher the gain. Besides, the 

smaller the dc current, the lower the power consumption. Therefore, we need a very low 

current source. The basic current mirrors are usually not optimum for very small currents. 

We use a PMOS Widlar current source [33] shown in Fig. 3.5. Besides that it can provide 

a very small current, one advantage is that it has a much higher power-supply rejection 

ratio than the basic current mirror because of the feedback from R2 degeneration. 

Moreover, PMOS can avoid body effect. The bias current is given by 

Jf 
"2=----- ,2 

- -+,-"-+4R,VODl 
K, ~ K, 

2R, 
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where K, = ,upCm (:J, . The value of resistor R2 can be detennined by Eq. (3.3). 

Vdd 

R2 

M1 M2 

R1 Ibias 

Vss 

Fig. 3.5. Schematic of the Widlar current source. 

Despite that there are several current sources better than the Widlar current source, 

this current source is adequate from the Spectre simulation results, and we use it for all 

the current and voltage references on our chip. 

3.2. Novel Peak Detector 

Typical peak detectors (PD's) derive charging current either from the iput signal 

source (basic diode-capacitor PD), or from a comparator or an amplifier [24], [34]. The 

main disadvantage of both the two types is that the capacitor can hardly be smaller than 

40 pF considering the holding time needs to be around 1 s. To dramatically reduce the 

capacitor, we present a novel peak detector with the charging current from a reference 

current source shown in Fig. 3.6. The charging and discharging speeds are easy to control 

in this configuration, thus controlling the capacitor size. The op amp shown in Fig. 3.6 
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working compares the output with the input. When the output is lower than the input, the 

op amp outputs a high voltage, driving the PMOSFET, MI, into the cut-off region and the 

NMOSFET, M2, into the saturation region, such that MI has very high impedance and 

M2 has low impedance. As a result, the current from the reference current source is 

steered to the capacitor, CI, by MI and M2. The voltage at node A is close to that at B. 

When the output is higher than the input, the op amp outputs a low voltage, driving the 

PMOSFET, MI, into the saturation region and the NMOSFET, M2, into the cut-off region, 

such that M I works as a source follower. The voltage at node A is driven down, and the 

impedance to ground seen by Cl is very large. As a result, the current from the reference 

current source is steered away from CI by MI and M2. To reduce the capacitance of Cl, 

we need to ensure the leakage current through M2 as low as possible when the capacitor 

is held, resulting in small MI and M2. On the other hand, MI and M2 consume some 

headroom of the output, so the size should be large, resulting in a tradeoff between the 

capacitance and the headroom of the output. Also, the capacitor should be much larger 

than the input parasitic capacitance of the op amp and the latter stage (Cos). Pnictically, 

Cl of all the PD's is 5 pF, except that CI of PD2 of the previous system is 8 pF, all of 

which can be easily integrated on chip. 

According to control theory, for a system using only proportional control to reduce 

the error between the input and the output, if the open-loop gain is very high, some 

oscillation will be presented on the output caused by noise on the two inputs. Hence, we 

add a small capacitor, C2, across the inverting terminal and the output to introduce proper 

amount of integration control which eliminates the oscillation and the steady-state error 

while maintaining an adequate speed, and thus increasing the noise immunity of the 
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systems. Practically, C2 is 0.5 pF. 

Vdd 

<=>--'V'I'v----i + 

ECG 

l 
~o 

Vss 

Fig. 3.6. Schematic of the second configuration of the peak detector. 

3.3. Spectre Simulation 

3.3.1. Operational Amplifier 

The Spectre simulation results of the input stage are shown in Fig. 3.7. The power 

supply is ±2.5 V. The input signal is a differential-mode 30 Hz sinusoid wave with 0.1 

m V amplitude, the bottom trace on the left side. The top trace on the left side shows the 

output of the input stage. The right curve shows the frequency response. From Fig. 3.7, 

We obtain: mid-band gain = 8200, and the 3-dB frequency = 1.2 kHz. 

65 



Fig. 3.7. Spectre simulation results of the i~put stage. The left bottom is the input signal, the left 

top is the output signal, and the right curve is the frequency response. 

Fig. 3.8 shows the simulation result of the whole op amp. The input signal is a 

differential-mode 50 Hz sinusoid wave with I J.! V amplitude, the top trace on the left side. 

The bottom trace on the left side shows the output of the whole op amp. The right plot 

shows the frequency response. From Fig. 3.8, we obtain: mid-band gain = III dB (1 x 1 05
), 

and the 3-dB frequency = 3.5 kHz. The output offset voltage can be easily simulated by 

grounding the two inputs terminals. The output offset voltage = 29 mY, and thus the input 

offset voltage is given by 

(3.4) 
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However, this value is from the simulation results without considering the mismatch and 

variation of the transistors and resistors or the input offset voltage drift. Although the 

input offset of the practical chip is much higher than the value calculated from Eq. (3.4), 

the goal that input offset :s 5 m V can be easily achieved. To obtain the slew rate, we input 

a square pulse with 0.5 V amplitude, a 100 ms pulse width, I ns rising and falling time 

and 0 time delay, and a load of 10 pF. Therefore, the input signal can be treated as an 

ideal square pulse. We zoomed in the rising edge of the output, put two cursors on 90% 

and 10% of the higher voltage level (nearly 2.5 V) respectively, and obtained a slope of 

91 k as the low-to-high slew rate of 91 V/ms. Using the same method, we obtained the 

slew rate of 83 V Ims at the falling edge. 

In summary, the op amp meets or exceeds the requirements discussed in section 3.1. 

Fig. 3.8. Spectre simulation results of the whole op amp. The left top is the input signal, the left 

bottom is the output signal, and the right plot is the frequency response. 
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Fig. 3.9. Spectre simulation result of measurement of the low-to-high slew rate. 

3.3.2. Peak Detector 

Fig. 3.10 shows the simulation results of the novel peak detector. We use narrow 

triangle waves (the dotted line in the upper graph) as the input signal to simulate a simple 

ECG trace. The output waveform is shown in the lower graph. 
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Fig. 3.10. Spectre simulation result of the novel peak detector. 

3.3.3. The First and Third Systems 

Based on the prototype experimental results, since the third system has better 

performance than the second with much less blocks and thus lower power consumption, 

we implemented only the first and the third systems on chip. 

As a preliminary test, we used a I-Hz sinusoid wave with 0.5-V amplitude as an 

input signal. PO I is using the second configuration and P02 is using the first 

configuration. Output waveforms are shown in Fig. 3.11. Traces in Fig. 3.11 correspond 

to the outputs of the system blocks in Fig. 2.1 respectively. In Fig. 3.11, the green, the red 

and the pink on the left side show the input sinusoid signal, the output of PO 1 and the 
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narrow square pulses at the output of the comparator respectively, and the orange and the 

green on the right side show outputs of the saw-tooth generator and PD2 respectively. 

The power consumption from Spectre simulation result is 20 mW. 

Fig. 3.11. First design Ie input signal (the green) and output signals obtained. Traces 

correspond to the system block outputs indicated in Fig. 2.1. 

The third system performance was simulated using an ECG signal from [25] as the 

input signal source. Output waveforms are shown in Fig. 3.12. Traces in Fig. 3.12 

correspond to the outputs of the system blocks in Fig. 2.5. In Fig. 3.12, the top trace, A, 

show the input ECG signal, the second and third traces, B and B', show the outputs of 

PD I and the differentiator, the fourth trace, C, shows the output of the comparator, the 

fifth trace, D, shows the output of the saw-tooth generator, and the bottom traces, D' and 
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E show outputs of subtractor 2 and PD2 respectively. The power consumption is 14 m W 

from the simulation result. 

Spectre Simulation 

1:~ 
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Fig. 3.12. Input signal (A) and output signals (B-E) obtained using the Physione! EeG signal. 

Traces A-E correspond to the system block outputs indicated in Fig. 2.5. 
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3.4. Layout 

All components are integrated with the exception of two capacitors of the 

differentiator and the saw-tooth generator due to large time constants. Fig. 3.13 shows the 

layout of the op amp. We used poly2 layer to layout resistors, and poly and poly2 layers 

to layout capacitors, since poly resistors and capacitors have good linearity and relatively 

high sheet resistance and capacitance. 

Fig. 3.13. Layout of the 011 amp. 

Fig. 3.14 shows the die photo of the chip. It includes three peak detectors with two 

difference configurations, two subtractors, one differentiator with two external capacitors, 
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one phase shi fter, one saw-tooth generator, two Schmitt triggers, one basic comparator, 

one op amp, and one Schottky diode. We can assemble any of the three versions using 

only one chip through external connections. [n order that we can use dual power supplies 

and reduce the parasitic capacitance of the pads, we did not layout ESD protection 

transistors. Only five blocks are used to build the previous system through external wires, 

whereas the third system consists of six blocks. The chip size is 1.36x 1.46mm2 including 

pads. 

Peak Dc~:ctOl" 

Peak 

Peak ~()oAmp 

Saw- ooth GcncratOl" 

Fig.3.14. Die photo of the chip with package. 

3.5. Experimental Results 

The op anlp was tested in a DC-measurement circuit and in AC-test circuits. The 

open-loop gain is 107.6 dB at 50 Hz. The input offset voltage is 2.1 mY. The CMRR is 60 
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,. 

dB. The slew rate is 70 V/ms at the rising edge and 58 V/ms at the falling edge with the 

load of 10 pF. 

The charging speed of the peak detectors is 19 V Ims and the discharging speed is 

approximately 0.6 V Is. 

In order to measure the performance of the saw-tooth generator, we input a series of 

narrow square pulses with difference intervals between each other. To analyze the 

linearity of the saw-tooth waves, we determined the slope, the intercept and the linear 

correlation coefficient of each wave using the least squares fitting method, and then 

calculated the mean and standard deviation of the three parameters on MATLAB. The 

mean values of the slop'e, the intercept and the linear correlation coefficient are 1.277 Vis, 

0.02 V and I respectively, and their standard deviations are 0.002 V Is, 0.009 V and 0 

respectively, which indicates adequate linearity of the saw-tooth generator . 

• As a preliminary test of the two systems, shown in Fig. 3.15 (the upper), we 

imported the ECG data from [25] into a function generator, HP33l20A, using IntuiLink, 

to use it as an input signal. We low-pass filtered the signal from the function generator 

using a 50 Hz 3-dB frequency with a -20 dBldecade slope. Output waveforms are shown 

in Fig. 3.16 and Fig. 3.17. Traces in Fig. 3.16 and Fig. 3.17 correspond to the outputs of 

the system blocks in Fig. 2.1 and Fig. 2.5 respectively .. In Fig. 3.16, the top two traces, A 

and B, show the input ECG signal and the output of PO I, the middle trace,.C, shows the 

narrow square pulses at the output of the comparator, and the bottom traces, 0 and E, 

show outputs of the saw-tooth generator and P02 respectively. In Fig. 3.17, the top trace, 

A, show the input ECG signal, the second and third traces, B and B', show the outputs of 
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PD I, the fourth trace, C, shows the output of the comparator, the fifth trace, D, shows the 

output of the saw-tooth generator, and the bottom traces, D' and E show outputs of 

subtractor and PD2 respectively. The pulse width of C in the third system is 220 ~s and 

its variation is less than I ~s, whereas the average pulse width of C in the first system is 

2.4 ms and its variation is around I ms, shown in Fig. 3.18. This indicates the third 

system achieves one of our improvement goals discussed in section 2.1. 

Pre-Recorded ECG 

Preamplifier f----'R:.::e:=a'-.l-l:.:,i:.::m:::.e .:::EC.:::G.:::-..: 
BPF ~. 

I I 

~ ~C _B~s~ paEt .:'-~q0si!i~n ~y~te_m~ 

Fig. 3.15. Test setup. The pre-recorded ECG signals are generated by the upper ann on the left, 

whereas the real-time ECG signals are generated by the lower ann on the left. The short-tenn 

preliminary test results are taken by the oscilloscope, whereas the long-term test results are taken 

by the PC based data acquisition system. 

L 
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. Experimental Results of the Previous System from TDS3014B 
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Fig. 3,16, The first system (IC) input signal (A) and output signals (B-E) obtained using the 

Physionet ECG signal and TDS3014B oscilloscope. Traces A-E correspond to the system block 

outputs indicated in Fig. 2.1. 
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,. 

Fig. 3.17. The third integrated system input signal (A) and outputsignals (B-E) obtained using 

the Physionet ECG signal and TDS30l4B oscilloscope. Traces A-E correspond to the system 

block outputs indicated in Fig. 2.5. 
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Comparison of the Pulse Width of C of the Two Systems 
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Fig. 3.18. The comparison of the pulse width of signal C of the two systems. The solid line is 

one square wave of C of the first system, whereas the dotted line is that of the third system which 

is ten times narrower. 

Using the same test setup but replacing the oscilloscope with a PC based data 

acquisition system with a DT9804 ADC card shown in Fig. 3.15, we compared the 

system immunity to high level of dc drift and R-R interval variation. The input (the top 

graph) and output waveforms (the bottom graph) were sampled at 1 kHz with 16-bit 

resolution, shown in Fig. 3.19 and Fig. 3.20. Fig. 3.19 and Fig. 3.20 indicate that the third 

system ~uccessfully tracks all the R peaks even for the ECG signal with such a high level 

of dc drift and R-R interval variation, whereas the first system does not. This 

demonstrates the trade-off between the reliability and accuracy, which was overcome by 

the third system. We analyzed the accuracy of the measurement result using MATLAB. 
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Fig. 3.21 shows the R-R interval as a function of time for a ·five minute period, 

determined from ECG signals using MATLAB (the solid line) as a reference and from the 

outputs of the third system (the crosses) respectively. The mean square error defined by 

Eq. (2.19) and the relative error defined by Eq. (2.20) of the output of the third system for 

this ECG signal are 5.3 ms and 2.6%. 

The first system and the third system derive 9 rnA and lImA from the power supply 

respectively, which could be reduced ifthe system is implemented in lower power supply 

process. As the op amp in these systems is mainly for proof of the systems without being 

optimized to low power, the power consumption can be dramatically reduced if the op 

amp is replaced by one of the low-power op amps in [35] or one of the low-power OTA's 

in [10], [12] with modifications of each block. 

, 

• 
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Previous System (high de shift and R-R interval variation) 
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Fig. 3.19. Fourteen second segment of the previous system input (top graph) and the saw tooth 

generator (bottom graph) output obtained using pre-recorded ECG sigri"al [25] and a PC-based 

data acquisition system. The difference coefficient was set to 0.76% to achieve accuracy close to 

1ms, however due to the small difference coefficient and a varying DC offset in the ECG signal, 

the R peaks from 13 s to 18 s were not detected by this system. 
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2 
New System (high de shift and R-R interval variation) 
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Fig. 3.20. Thirty second segment of the new system (top graph) and the saw tooth generator 

(bottom graph) output obtained using pre-recorded ECG signal [25] and a PC-based data 

acquisition system. The new system successfully tracks all the R peaks. 
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Matlab vs. Experiment (the New System) 
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Fig. 3.21. The new system: comparison between the R-R intervals determined from the 

pre-recorded ECG signal using MATLAB (the solid line) and the PD2 output (the crosses) over a 
, . 

30-s interval. 

We analyzed the long-tenn accuracy of the two systems using the similar method 

described in the previous paragraph. A real-time three-lead ECG signal was amplified and 

band-pass-filtered with a gain of74 dB and a bandwidth of 1 Hz (-20 dB/dec) to 100 Hz 

( -20 dB/dec) using a Stanford Research System Low Noise Preamplifier. The test lasted 5 

minutes for each system. Fig. 3.22 and Fig. 3.23 show the R-R interval as a function of 

time for a five minute period, determined from ECG signals using MATLAB·(the solid 

line) and from the outputs of the two systems (the crosses) respectively. The mean square 

error and the relative error of the output of the first system are 4.2 ms and 2.8% 

respectively, whereas those of the third system are 3.2 ms and 2.1 % respectively. 
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Similarly to Section 2.3, in this experiment, the difference coefficient of the first system 

was adjusted to around 1.5% to assure that all EeG peaks were going to be detected. In 

summary, for both high dc-drift and R-R interval variation EeG signals and long-term 

real-time EeG signals, the relative error of the third system is around 2% and the mean 

square error is on the order of millisecond. Table 3.1 summarizes the performance of the 

first and the third integrated systems. 

MaUab vs. Experiment (the Previous System) 

- Matlab 
x Experiment 
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Fig. 3.22. The previous system: comparison between the R-R intervals determined from 

real-time three-lead ECG signal using MATLAB (the solid line) and the P02 output (the crosses) 

over a 150-s interval. 
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Matl.b vs. Experiment (the New System) 
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Fig. 3.23. The new system: comparison between the R-R intervals determined from real-time 

three-lead ECG signal using MATLAB (the solid line) and the PD2 output (the crosses) over a 

150-s interval. 

TABLE 3.1. 

PERFORMANCE SUMMARY OF THE FIRST AND THE THIRD SYSTEMS 

The First System The Third System 

Number of Blocks 5 6 

Mean Square Error 4.2ms 3.2ms 

Relative Error 2.8% 2.1% .. 
Reliability Lower , Higher 

Power Consumption 45mW 54mW 
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Chapter 4 

4. Digital Signal Processing 

We designed and built a custom HRV assessment system on chip (SoC), based on R 

peak detection,. suitable both for implantable [36] and portable devices [37]. The SoC 

design applies a digital filtering algorithm detecting all R peaks with millisecond 

accuracy after the initial 2 seconds of data on ten ECG traces from [25], stores up to 2 

minutes of RR intervals in the tachogram, and categorizes RR intervals into histogram. 

The SoC is very compact and low power with an area of less than 3x3 mm2 and power 

dissipation of/ess than 1.5 JlW from the simulation' results. 

4.1. System Architecture 

The block diagram of the digital signal processing system is shown in Fig. 4,1. The 

system detects the R peaks from the digitized ECG signal, stores R-R interval data, and 

categorizes the R-R interval data into a histogram. The system performs the four 

following functions: (1) the peak detector receives digitized ECG input and produces an 

output pulse one clock cycle long each time it identifies a peak of a heart s,ignal and such 

pulse is used to reset the counter to start a new RR interval computation, (2) the R -R 

interval counter writes the previous content into the 128x8 register file (RF) tachogram 

memory, (3) the HRV classifier categorizes the .. RR interval signals and increases the 

contents in the 16x8 RF histogram memory, and (4) the control unit checks whether the 

tachogram memory is full and then initiates a transfer to a serial port via a microcontroller. 
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The system was designed to receive 16-bit digitized ECG data sampled at 1 kHz, which is 

also the frequency of the system clock. The tachogram and histogram both store 8 bits of 

information per datum. In this thesis, we will discuss only the peak detector. 

ECG inv rr inv - Peak beat rr 128x8 RR interval - , -
)detector [> counter Reg Fi-le add req 

t>rnernory 

IL HRV data 

16x8 HRV HRV data add_req 
ts-lassifier Reg File (3 jcnm.tD G) 

>memory 

Fig.4.1. Block diagram of the digital signal processing system. 

4.1.1. Peak Detector 
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The basic idea to detect each R waves and generate a narrow square wave is as 

follows: 

1) We set up a threshold value to eliminate other waves by comparing the input 

~data with the threshold value and meanwhile we obtain a small time interval that 

only contains R waves. 

2) We determine the position of the peak by looking for the maximu.m value in this 

small time interval. 

3) After obtaining the position of the peak, we generate a square pulse which is the 

output this block. 

Threshold should be different with different input ECG signals and it is unknown . . 
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before the signals come. Thus, we need to make this peak detector initialize threshold 

according to different input signals. Since the peaks of R waves may vary, it is necessary 

for the threshold to be adjustable. After considering problems above, we came up with 

state machines shown in Fig. 4.2. 

counter<2s datain old<=datain 

datain _ old<=datain 

datain old>da 

Reset 

datain old> atain 

• S321--' 

datain<th 
datain old> atain 

f+----{ S41 f+----{ 

datain>=th 

d atain 0 I"'" ""'am 
Generate a sq uare pulse -
Update the peak value 
Update the threshold 

Fig. 4.2. Finite state machine of the peak detector 

where 

SOO: Reset all signals; 

SO I: Start an internal counter to count from 0 to 2s and find the maximum and 

minimum values; 

87 



S02: Initialize threshold = ~max+..!.-min where max and min are respectively the 
4 4 

maximum and minimum values determined at SOl; 

S I: Determine R waves by comparing input data with the threshold; 

S2: Find the maximum value; 

S31-S34: Check if input data are smaller than the maximum value determined at S2 

for four more clock cycles in order to ensure it is really a peak; 

S4: Letthe output be 1 and update the peak; 

S41: Change the output back to 1 so as to generate a square pulse and update the 

threshold by adding to the current threshold the difference between the current peak and 

the previous pea~; 

S5: Wait until the input data is lower than the threshold and it transfers back to S1. 

At the beginning, we reset the block to set the state to SOO. At the next rising edge of 

the clock, it transfers to SO I. The maximum and minimum values during the first two 

seconds are found at SOl. At S02, the threshold is initialized by 3/4 * max+ 1!4*min and 

then it transfers to S I. If the input data is larger than the threshold value, it transfer to S2, 

otherwise it stays at S 1. S2 determines a maximum value by comparing the current input 

data with the previous input data. When the input data start to decrease, it transfers to 

S31 and the maximum input value determined at S2 has already been latched. In order to 

further increase noise and interference tolerance, we use four states, 831-834, to check 

whether the input data are smaller than the maximum value for four more clock cycles. If 
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not, it transfers back to S2. I f yes, we can say it is really a peak, and then it transfers to S4. 

The role of 54 and S4l is to generate a square pulse. At S4, it sets the output to I and 

updates the peak. At S4 1, it switches the output back to I and updates the threshold by 

adding to the current threshold the difference between the current peak value and the 

previous one. At 55, when the input decreases below the threshold, it transfers back to SI 

to be ready for the next peak detection. 

4.2. Simulation and Layout 

The design algorithm was described in VHDL. The gate level standard cell design 

was then generated by Synopsys Design Compiler using a 0.5 ~m standard cell library 

[39] for AMIS 0.5 ~m CMOS process. The placement and routing were performed by 

Cadence Chip Encounter. The final GDS2 file was generated and checked by Cadence 

Virtuoso. Fig. 4.3 shows the chip layout. The chip has a core area of 2.32x2.32 rnm2 and 

total area of2.94x2.94 rnm2 

Fig. 4.3 . HRV chip layout. 

r);ll" 
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The dynamic power dissipation of 300 n W is four times smaller th~ the cell leakage 

power of 1.2 J.I W because the system does not operate at a high frequency. Even though 

power was estimated without employing a~tual signal traces, the estimate is valid in that 

the order of magnitude indicates an extremely low incidence of dynamic power. Although 

no separate post layout extraction and timing analysis were perfonned, the timing target 

is guaranteed by the timing-oriented placement and routing capabilities offered by the 

physical synthesis tool and the extremely low timing constraint of the design with clock 
•. 

frequency of 1 KHz. 

The functionality of the design was verified by Synopsys® Scirocco VHDL 

Simulator. Ten ECG traces from [25] with various degrees of DC level variation were 

used to verify the design. The ECG signals were converted into 16-bit binary data for the 

~imulations. In all ten traces, after the initial 2 seconds of data during which thresholl 

was set-up, 100% of the RR intervals were detected with ms accuracy. Fig. 4.4 shows 

an example of a 15 second segment of the ECG signals from the ptb _ s0021 are3 sample in 

Physionet library. Fig. 4.5 shows the output of VHDL simulation of HRV chip indicating 

the detected peaks. The peak detector was able to identify all R peaks even though this 

ECG trace shows large variations in the DC level. 
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Fig. 4.4. A 15 second segment ofECG data with large DC level variation . 
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Fig. 4.5. YHDL simulation output indicating that all R peaks were detected. 

4.3. Comparison between ASP and DSP 

Based 'on the discussion in previous sections, we compare the third ASP system and 

chip with our DSP chip and other typical digital solutions sho~n in Table 4.1. 

Considering the two facts that RAM occupies around 70% space of the DSP chip and the 

size of the whole ASP system is smaller than 1.4x1.4 mm2
, the size of the ASP system is 

smaller than that of the DSP system in AMIS 0.5 /-lm process. The DSP chip has a definite 

advantage of power con'sumption over the ASP chip, whereas the major advantages of the 

analog systems are on ADC requirements. The third ASP system minimizes resolution to 

10 bits, sample rate and interface, thus reducing the cost of ADC, while keeping high 

reliability and immunity to high drift of de offset and high variation of R-R intervals. 

Since most requirements of ADC are significantly reduced, the power consumption and 

size of the ADC in the ASP chip will be significantly smaller than that of the ADC in a 
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DSP chip if it is integrated. For example, a IO-bit ADC with a serial interface and a price 

of $2.1 from NewarkInOne, MCP3001, has a power dissipation of 0.6 mW, whereas a 

12-bit ADC with a serial interface and a price of $8.46 from NewardInOne, has a power 

dissipation of 2.1 m W. To sum up, the future improvement of the ASP chips will be 

mainly on the design of low-power op amp discussed in section 3.5 to lower the power 

consumption of the ASP part below I m W. 

TABLE 4.1 

COMPARISON BETWEEN OUR ANALOG SOLUTIONS AND TYPICAL DIGITAL SOLUTIONS. 

Analog Digital 

Chip Size (mm") <2 (no RAM) ;:0 2.7 (no RAM) 

Our Chips Power Consumption 54mW 1.5 1lW 

Reliability High - High 

Resolution (bit) 10 ::0: 12 

Sample Rate 10 . ::0: 1000 

Interface Serial Parallel/Serial 
ADC 

Typical Price $2 - $9 (lO-bit) $8 - 45$ (12-bit) 

Power Consumption O.6mW 2.1 mW 

Size (if integrated) Smaller Larger 

Memory Requirements Same Same 

Programmable -- Better 

Cost Lower Higher 
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Chapter 5 

5. Conclusion 

We have discussed and compared the analog signal processing systems and the 

digital signal processing system. We have demonstrated three analog signal processing 

systems to extract heart rate data in real time. The system architectures, accuracy analysis, 

Pspice and Spectre simulation, breadboard implementation, IC implementation and 

experimental results using pre-recorded and real-time ECG data were discussed in the 

thesis. The systems extract R-R interval data from pre-recorded and real-time ECG , 

signals with accuracy of millisecond, and significantly relax ADC requirements as 

compared to digital signal processing systems. While both the second and the third 

systems overcome the trade-off between reliability and accuracy present in the fi~st 

system, the third system has much less blocks than the second and comparable power 

consumption to that of the first. 

We also presented a digital SoC which applies microprocessor technology to 

calculate HRV time-domain features of digitized ECG data in real time. The SoC 

verification demonstrates a robust detection technique for R peaks, even with a large level 

of "DC offset and EeG amplitude variations. Moreover, from the synthesis reports, it 

dissipates 1.5 J.l W without pads, while achieving a zero error and a 10-ms resolution. 

The future improvement of the ASP chip will be mainly on design of a low-power 

op amp discussed in Section 3.5 and 4.3. 
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Appendix 

I.VHDL Code of Peak Detector 

--R2d version 4.2 
--Convert R waves into a chain of digital signal for a counter 
--Modified by Mingqi Chen on 03-10-2005 

Solved the offset problem by adding I internal counter 
--Modified by Mingqi Chen on 03-30-2005 . 

Add one more internal counter 
--Modified by Luca Macchiarulo 
--Modified by Mingqi Chen on 04-23-2005 

library IEEE; 
use IEEE.std_logic_1164.all; 
use IEEE.std _logic _ unsigned.all; 
use IEEE.stdJogic_arith.all; 

entity R2d _ 4p2 is 
port ( elk: in std_logic; 

in std _logic; reset: 
datain: 
dataout: 

in std_logic_vector(l5 downto 0); 
out std_Iogic); 

end R2d _ 4p2; 

architecture rtl of R2d _ 4p2 is 
type States is (sOO, sOl, s02, sl, s2, s31, s32, s33, s34, s4, s41, s5); 
signal current_state, next_state: States; 
signal inUh, updateyeak, update_th, reset_counter: std_logic; 
signal tc, above, rise, ppend, firstyeak: std_Iogic; 

signal th, new_th, first_th, th_comb, peakyre, peak, choice, datain_max, datain_min: 
std_logic_vector(l5 downto 0); 
signal datain_old, datain_old2, datain_peak: stdJogic_vector(15 downto 0); 

signal counter: stdJogic_vector(11 downtoO); 

begin 
state_trans: process(current_state, tc, above, rise, ppend) 
begin 

case current_state is 
when sOO => 

next_state<=sO I; 
reset_counter<='1 '; 
ini_th<='O'; 

update yeak<='O'; 
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update _ th<='O'; 
dataout<='O'; 

when sOl => 
if (tc='l') then 

next_state<=s02; 
else 

next_state<=sOI; 
end if; 

reset_ counter<='O'; 
in i th<='O" 

update yeak<='O'; , 
update _th<='O'; 
dataout<='O'; 

when s02 => 
next_state<=s 1; 

reset_ counter<='O'; 
int th<=' I'; 

update yeak<='O'; 
update_th<='O'; 
dataout<='O'; 

when sl => 
if(above='l') then 

next_state<=s2; 
else 

next_ state<=s I; 
end if; 

reset_ counter<='O'; 
inUh<='O'; 

updateyeak<='O'; 
update _th<='O'; 
dafaout<='O'; 

when s2 => 
if (above='O') then 

next_ state<=s 1; 
elsif (rise='I') then 
if (rise=' 1') then 

next_ state<=s2; 
else 

next_state<=s31 ; 
end if; 

reset_ counter<='O'; 
inUh<='O'; 

update _peak<='O'; 
update_th<='O'; 
dataout<='O'; 

when s31 => 
if (ppend=' I') then 

next_ state<=s2; 
else 

next_state<=s32; 
end if; 
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reset_ counter<='O'; 
ini_th<='O'; 

update ~eak<='O'; 
update_th<='O'; 
dataout<='O'; 

when s32 => 
if (ppend='1 ') then 

next_state<=s2; 
else 

next _ state<=s3 3; 
end if; 

reset_ counter<='O'; 
ini_th<='Ol; 

update~eak<='O'; 

update _th<='O'; 
dataout<='Q'; 

when s33 => 
if (ppend='1 ') then 

next_state<=s2; 
else 

next_state<=s34; 
end if; 

reset_ counter<='O'; 
ini_th<='O'; 

update ~eak<='O'; 
update_th<='O'; 
dataout<='O'; 

when s34 => 
if(ppend='I') then 

next_state-;::=s2; 
else 

next_state<=s4; 
end if; 

reset_ counter<='O'; 
ini_ th<='O'; 

update ~eak<='O'; 
update_th<='O'; 
dataout<='O'; 

when s4 => 
next_ state<=s4l ; 

reset_ counter<='O'; 
ini_th<='O'; 

update~eak<='1 '; 
update _th<='O'; 
dataout<=' I '; 

when s4l => 
next_state<=s5; 

reset_ counter<='O'; 
inUh<='O'; 

update _peak<='O'; 
update _ th <=' I '; 
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dataout<='O'; 
when s5 => 

if (above=' I ') then 
next_ state<=s5; 

else 
next_ state<=s I; 

end if; 
reset_ counter<='Q'; 
ini_th<='O'; 

updateyeak<='O'; 
update_ th<='O'; 
dataout<='O'; 

end case; 
end process state_trans; 

state_update: process(elk, reset) 
begin 

if(reset='I') then 
current_ state<=sOO; 

else 
if (elk=' I ' and elk'event) then 

current_ state<=next_ state; 
end if; 

end if; 
end process state_update; 

p_counter: process(elk, reset) 
begin 

if (reset = 'I ') then 
counter<=( others => '0'); 
tc<='O'; 

elsif(clk'event and clk='I') then 
if (reset_counter=' I ') then 

counter<=(others =>'0'); 
else 

counter<=counter + I; 
end if; 
if (counter="O IIIII 0 I 0000") then 

tc<=11'; 
else tc<='O'; 
end if; 
end if; 

end process p _counter; 

datain Jegister: process(clk, reset) 
begin 

if (reset = '1 ') then 
datain _ old<=( others => '0'); 

, datain _ old2<=( others => '0'); 
elsif (elk'event and elk='] ') then 

datain_ old<=datain; 
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datain _ old2<=datain_old; 
end if; 

end process; 

th_detect: process(th, datain) 
begin 

if (datain>th) then 
above<==' 1 , ; 

else 
above<=='O'; 

end if; 
end process; 

rising_detect: process( datain _ old2, datain _old) 
begin 

if(datain_old>=datain_old2) then 
rise<='l'; 

else 
rise<='O'; 

end if; 
end process; 

peak_detected: process(e1k, reset) 
begin 

if (reset=' I ') then 
datainyeak<=(others => '0'); 

elsif (e1k'event and e1k=' I ') then 
if (next_state=s31) then 

datain yeak<=datain _ old2; 
end if; 

end if; 
end process; 

peakyending: proeess(datainyeak, datain_old) 
begin 

if (datain _ old>datain _peak) then 
ppend<='I'; 

else 
ppend<='O'; 

end if; 
end process; 

peak_register: process(e1k, reset) 
begin 

if (reset = 'I') then 
peak<=( others => '0'); 

elsif (elk'event and elk=' I ') then 
if (update _peak=' I ') then 

peak<=datain yeak; 
end if; 

end if; 
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2»); 

end process; 

prepeak_register: process(clk, reset)­
begin 

if (reset = '[ 'J then 
peak yre<=( others => '0'); 

elsif(c1k'event and clk=' 1') then 
if (updateyeak or update_th)='I' then 

peak yre<=choice; 
end if; 

end if; 
end process; 

mux yrocess: process(datain_peak, peak, firstyeak, update_th) 
begin 

if (firstyeak=' I ') then 
choice<=datain yeak; 
choice<=datain_max; 

elsif(update_th='l ') then 
choice<=peak; 

end if; 
end process; 

firstyeakyroc: process(clk, reset) 
begin 

if (reset='1 ') then 
firstyeak<='1 '; 

elsif (e1k'event and clk=' I ') then 
if(update th)='I'then 

firstyeak<='O'; 
end if; 

end if; 
end process; 

muxth yrocess: process(first_th, new _th, ini_th, update _th) 
begin 

if (reset=' I ') then 
th _ comb<=( others :=> '0'); 

else 
if(inUh='l') then 

th _ comb<=first_ th; 
elsif (update _th=' 1 ') then 

th_comb<=new _th; 
end if; 

end if; 
end process; 

new _ th<=th+peak-peak yre; 

• 

first_th<=datain_max-("OO" & datain_max(15 downto 2))+("00" & datain_min(l5 downto 
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thJegister: process(cIk, reset) 
begin 

if (reset = '1 ') then 
th<=( others => '0'); 

elsif (elk'event and elk=' 1 ') then 
if (update_th or ini_th)='l' then 

. th<=th_comb; 
end if; 

end if; 
end process; 

min_max: process(clk, reset) 
begin 

if (reset = ' 1 ') then 
datain _ max<=( others => '0'); 
datain_min<=(others => 'I'); 

elsif (elk'event and elk='1 ') then 
if datain max<datain then --max value 

datain _ max<=datain; 
end if; 
if datain min>datain then --min value 

datain _ min<=datain; 
end if; 

end if; 
end process; 

end rtl; 
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