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ABSTRACT

This document discusses the use of impedance pneumography as a technique to measure respiration
rate. The generation of high-frequency ac current source is described, and the issues related to delay in
modulated signal and finite transition times of carriers are addressed. The report also includes
descriptions of potential implementations of a respiration rate measurement system using the ADS1298R
and the respective respirative impedance measurement results.
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Introduction

Impedance pneumography is a commonly-used technique to monitor a person’s respiration rate, or
breathing rate. It is implemented by either using two electrodes (Figure 1a) or four electrodes (Figure 1b).
The objective of this technique is to measure changes in the electrical impedance of the person’s thorax
caused by respiration or breathing.

lac Iac

QO QO

Receive
Electrode

AC Voltmeter AC Voltmeter
Chest
(A) Two-Terminal Measurement (B) Four-Terminal Measurement

Figure 1. Arrangement of Electrodes for Impedance Pneumography

In both of these methods, a high-frequency ac current is injected into the tissue through the drive
electrodes (see Ref. 1). The ac current causes a potential difference to develop across any two points
between the drive electrodes. This potential difference is related to the resistivity of the tissue between the
voltage-sensing or receive electrodes. The equivalent resistance is defined as the ratio of the voltage
difference between the two receive electrodes and the current that flows through the tissue.

The two-terminal measurement configuration (shown in Figure 1a) introduces some errors because the
potential difference sensed between the two electrodes includes the nonlinear voltages generated by the
current flowing through the polarization impedance at the electrode-tissue interface. The four electrode
configuration, illustrated in Figure 1b, yields a more precise measurement because the sites of current
injection and voltage measurement are physically separated, but require two additional electrodes.
Therefore, the two-electrode measurement shown in Figure 1a is the most commonly used; the normal
electrocardiogram (ECG) electrodes can be used for respiration as well.

Thoracic Impedance Model

When measuring respiration, the thorax presents an electrical impedance to the electrode that consists of
two impedance components: a relatively constant value and a varying value. The relatively constant value
of thoracic impedance is referred to in this document as the baseline impedance, or Ry (typically 500 Q;
see Ref. 2). The varying value, on the other hand, is known as respirative impedance, or AR. Changes in
the electrical resistance of the lungs are mainly a result of the following two effects:

1. During inspiration, there is an increase in the gas volume of the chest in relation to the fluid volume;
this increase causes conductivity to decrease.

2. During inspiration, the length of the conductance paths increases because of expansion.

Taken together, both of these effects cause the electrical impedance to increase (see Ref. 3). There is a
good correlation between this impedance change and the volume of respirated air. This relationship is
approximately linear. The varying component of impedance (that is, respirative impedance), generates a
varying voltage component (AV) when current is injected. This varying voltage component is the
parameter of interest because this component can then be used to determine the person's breathing rate.
Typically, AR is in the range of 0.1 Q to 1 Q. AV, in turn, depends on the magnitude of the current
injected.
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Figure 2 presents an electrical model of the respiration circuit. This model includes the defibrillator
protection resistances (R;) in each wire of the ECG cable (about 1 kQ per wire) and the electrode
impedance (Zgewroge)- The electrode impedance is modeled as a 51-kQ resistor in parallel with a 47-nF
capacitor as specified in the ANSI/AAMI EC13:2002 standard. The total baseline impedance (Rg.x)
consists of the sum of Ry, Rg, and Zgecrode-

IAC

@H

Z AC Voltmeter
Electrode P
51 kQ 47 nF 51 kQ 47 nF
Chest VWA VW
AR Rg

Figure 2. Respiration Circuit Electrical Model

3 Amplitude Modulation/Demodulation

As explained earlier, impedance pneumography requires injecting current into the body. The ANSI/AAMI
ES1-1993 standard allows injecting up to 100 pA of current at 10 kHz. At lower frequencies, of course, the
current that can be injected into the body is lower.

For respiration, a high-frequency ac signal is injected into the body; this signal acts as a carrier that is
amplitude-modulated by the low-frequency signal (AV) generated as a result of the breathing action. On
the receiver side, this modulated signal must be demodulated in order to extract the low-frequency
breathing signal. After demodulation, the signal is low-pass filtered to the 2-Hz to 4-Hz bandwidth level to
remove unwanted noise. The demodulated and filtered output, generally, is then digitized by a
high-precision analog-to-digital converter (ADC).

Figure 3 shows the entire signal chain concept in a block diagram. The carrier at frequency F. can be
either sine wave or square wave. The demodulation is accomplished with a square wave signal at the
same frequency. Capacitor C; blocks any dc current from reaching the body on the transmission side,
while capacitor Cy, is used for the same purpose on the receiver side. Ideally, we prefer to keep this
capacitance as small as possible so that at line frequencies (50 Hz to 60 Hz), any impedances looking
from the body to both the transmitter and receiver sides are high. In practice, however, the capacitors are
chosen to be large enough so that the carrier is not significantly attenuated.

Rg + AR Fe

I'(Fe) |
0 I ADC
Cr Modulation Cr | Synchronous

Gain Demodulation
Stage Low-Pass

Filter

Figure 3. Conceptual Block Diagram of the Signhal Chain
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3.1 The Carrier Signal

The carrier signal is often generated in the voltage domain, and converted to a current by passing through
a resistor. The configuration shown in Figure 4(a) produces only a pseudo-constant current because it
varies with changes in Rg. and AR. As mentioned earlier, the baseline impedance (Rg.) consists of the
cable resistance and the electrode impedance, and the fixed impedance of the thoracic cavity. Figure 4(b)
shows the generation of a square wave modulation signal. In the first half cycle, node X is connected to V,
and node Y to Vg (a solid line connection). In the second half cycle, the connection is reversed, with node
X connected to Vg and node Y to V, (a dotted line connection). This configuration generates a square
wave at hode X and Y at the frequency of toggling (that is, F¢). Both signals V, and V; must be low noise.

Patient + Electrode Patient + Electrode FCi
| LR
| W oW
} Raett | lac [N 7
| \ /

| | N/
| | X
| ! /N
i AR } Ry Y SN
I ; VA O Vg
I )

S A L 20 (V- Vy)

ACT 2 ¢ R; + Rgyy ACPP 2 ¢ Ry + Rgey

(a) General Concept (b) Square Wave Carrier Implementation

Figure 4. Generating the Carrier Current

The sine wave carriers are much more difficult to generate. One possible solution is to use the direct
digital synthesis (DDS) technique. DDS is a method of producing an analog waveform by generating a
time-varying signal in digital form and then performing a digital-to-analog conversion. In certain cases, a
square wave may be heavily filtered to created carrier signals that look similar to a sine wave.

3.2 Square Wave Carrier Demodulation

The demodulation signal is simply a square wave signal at the same frequency as the modulation signal.
The phase of the demodulation signal must be adjusted to account for the phase delay in the signal path.
If the phase is not adjusted properly, the demodulator gain drops. Figure 5 illustrates the effect of time
delay on the demodulator output for square wave modulation. Here, the modulated signal is delayed by t,
before it reaches the demodulator. If the demodulator clock has the same phase as the modulation clock
[as shown in Figure 5(a)], the gain of the demodulator is not unity.

m—
s Y s ) peYPSe

t »‘

Ve Vp
m Modulated Signal
-Vp -Vp
| | | | r J | | | Demodulation Clock

Ve A
Demodulated Signal
-V

(a) Demodulation clock with same phase (b) Demodulation clock with phase
as modulation clock adjusted for delay in signal path

Figure 5. Effect of Delay in Signal Path
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(tc — 4tp) t L

The demodulator gain with a delay is calculated as tc which drops to 0 if ° 4 .

Figure 5(b) illustrates how phase shifting the demodulation clock can bring the demodulator gain back to
unity. The carrier signal is low-pass filtered because of cable capacitance and also as a result of the finite
bandwidth of the front-end amplifiers. This filtering leads to slow rise and fall times on the modulated
signal, which then must be demodulated. In this case, we can phase-shift the demodulator clock to
account for the delay, but finite rise/fall times can continue to cause the demodulator gain to drop.

Figure 6 illustrates the effect of finite transition times on the demodulated output. The demodulation clock
is phase-shifted to account for the delay in the modulated signal. The negative-going glitch on the output
causes the gain to drop from unity to about 0.8. The actual drop in gain depends on the fraction of time
that the signal spends in transition from low to high and vice-versa.

—— Modulation clock

— - — Demodulation clock

+Vp-5-

—Vp-L-

Figure 6. Effect of Finite Transition Time of Modulated Signal
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3.3

3.4

Sine Wave Carrier Demodulation

For sine wave carriers, the demodulation signal is again a square wave signal at the same frequency as
the modulation signal. The phase of the demodulation clock is important because the synchronous
demodulator (when properly timed with the zero signal crossings it detects) accomplishes a precision
full-wave rectification. Mismatches of the modulated signal zero crossings, relative to the transitions of the
demodulation clock, reduce the demodulator gain. For sine wave input signals, the gain is proportional to
the cosine of the phase difference between the input signal and the demodulation clock. Figure 7(a)
illustrates the demodulation of the sine wave carrier with the demodulation clock properly aligned to
incoming signal, whereas Figure 7(b) shows the output for a 45° phase shift between the two signals. The
demodulator gain drops to zero if the phase shift between the two signals reaches 90°.

Demodulation Clock Demodulation Clock

L L

B e

1
Modulated Signal Modulated Sign:
+Vp--—2 i +Vp----

+Vp--—=

Demodulatecld Output Demodulated Othput
1
1
1
1
1
1
1

(a) Phases shift (g) = 0°Vpg = 2VP (b) Phases shift () = 45°V = 2/PCOS(@)
T E

Figure 7. Effect of Phase Delay on Demodulation

Demodulation with Blocking

As discussed in Section 3.1, there are two problems with demodulating a square wave:
» Itis difficult to exactly phase-align the modulated signal with the demodulation clock;

» Even if the modulated signal and demodulation clock are phase-aligned, the gain of the demodulator is
less than unity because of finite transition times.

To solve these problems, a scheme of demodulation with blocking is illustrated in Figure 8. Here, the gain
stage and low-pass filter (LPF) are not continuously connected. When the output of the gain stage (node
X) is transitioning, it is disconnected from the input of the LPF (node Y). During the blocking time, node Y
holds the previous value. When the transition is complete, the block is removed and the demodulated
output is applied to the LPF input. The key requirement for this configuration to work properly is that node
Y must be able to retain its previous voltage during the blocking period.

Rg + AR Fo

I(Fo) |

| X Y
o— | ADC
Cr Modulation Cr | Blocking +

Gain Demodulation
Stage Low-Pass

Filter

Figure 8. Signal Chain for Demodulation with Blocking
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Figure 9(a) illustrates the demodulation with blocking for 45°, whereas in Figure 9(b) blocking is completed
for 90°. The modulated signal in the first case continues to transition when the block is removed, so a
negative glitch remains on the output and reduces the gain to about 0.95 compared to the ideal unity gain.
In the second case, node X has almost reached its steady state value when the block is removed, so the
gain error is less than 1%. The output gain error depends on how much settling error remains at the
moment the block is removed. If node Y is high impedance, blocking for a longer period in general results
in less gain error.

Modulation Clock/Demodulation Clock Modulation Clock/Demodulation Clock
Block Signal Block Signal

Modulated Signal Modulated Signal

Demodulated Output
+VP7 U \L +Vp--- - \
“Vp--- Vpr J

(a) Blocking for 45° (b) Blocking for 90°

Demodulated Output

Figure 9. Square Wave Demodulation with Blocking

Figure 10 shows demodulation with blocking for sine wave carriers. Here, the carrier is phase-shifted by
45° with respect to the demodulation clock. If the modulated signal is blocked for 45°, as shown in
Figure 10(a), the dc output is approximately 13% higher than the signal shown with precision full-wave
rectification in Figure 7(a). If the modulated signal is blocked for 90° as shown in Figure 10(b), only the
peak of the signal is captured, and gives approximately a 26% higher dc output than synchronous

rectification.

Modulation Clock/Demodulation Clock Modulation Clock/Demodulation Clock
i
i
I EE— I
i
|

Block Signal 1 Block Signal
i

T

+Vp mmmmmmemeeeee
vl LN

Demodulated Outpu“
HVp oo |

oMV
(a) Blocking for 45° (b) Blocking for 90°
Figure 10. Sine Wave Demodulation with Blocking
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The blocking method with sine waves works reasonably well until a phase shift of 135° occurs. If the
signal is blocked for the amount of phase shift, the demodulated output is at least equal to the output
obtained with full wave rectification. For phase shifts greater than 135°, there is a likelihood of capturing
the zero crossing of the signal when the block is removed. Therefore, it is better to not block the signal. It
is also important to realize that with a 180° phase shift, the signal and demodulation clock are still
perfectly phase-aligned. The polarity of the demodulated output is reversed, which is generally not a
concern. For sine wave carriers, then, blocking should not be used for phase shifts greater than 135°.

4 Non-ldeal Effects Because of Cable Capacitance

The cable capacitance, in conjunction with the base impedance, creates a low-pass filter. This filter
attenuates the modulated signal. For the increased baseline impedance, the attenuation is larger. This
increased attenuation affects the measured respirative impedance (AR). For the same AR, the measured
AV is smaller for larger baseline impedances. Therefore, optimization of the square wave carrier would be
necessary based on the user’s system.

5 Respiration Rate Measurement with ADS1298REVM

The ADS1298R-EVM demonstrates the measurement of respiration rates based on the principle of
impedance pneumography, using the ADS1298R. The ADS1298R uses a square wave for modulation.
The modulation frequency used is 32 kHz and the on-chip reference is used as the modulating signal.
Demodulation is done with the blocking scheme explained earlier. Refer to the ADS1298R-EVM user
guide for additional details on using the EVM. A simplified diagram that illustrates the respiration portion of
the circuit is shown in Figure 11.

R86
10 MQ
VW O AVDD
IN1P
R87
cio0 L 10 MQ
22nF T VW O AVSS
R96 0.1 uF
40 kQ 22nF ¢————|——o0FELEC RA
I} ci14
RESP_MODP c108
o«
[+
2]
(3]
-
(/2]
o
<
W% 1 0.1 uF
R97 c109 ¢+———|}——-O0ELEC LA
40 kQ
Co9_| VA O AVDD
22nF—T R85
10 MQ
INTM
VA O AVSS
R84
10 MQ

Figure 11. ADS1298R-EVM Respiration Circuitry
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In Figure 11, a patient simulator can be connected between leads ELEC_RA and ELEC_LA to provide the
baseline impedance (Rg) and the varying component (AR). Resistors R96 and R97 limit the amount of ac
current that flows into the body. Capacitors C108 and C109 block any dc current from flowing into the
body from the transmission side. Capacitors C99 and C100 serve the same purpose on the receiver side.
Capacitors C113 and C114 serve as a secondary means to prevent a single fault (for example, a shorted
C109 capacitor from a carrier generator) from causing excessive dc currents through the patient. The
respiration signals are routed to Channel 1, which has respiration capability.

5.1 Measurement Results

The output from any typical patient simulator with a respiration feature can be directly fed to the
ADS1298R-EVM. The results presented here are taken with a Fluke MedSim 300B simulator. This
simulator has several options to choose a different base impedance (Rg) and delta impedance (AR) on the
simulator. For illustration purposes, Rg of 500 Q is chosen. Figure 12 shows the results with Rg = 500 Q
and AR =1 Q. Figure 13 shows the results with Rg = 500 Q and AR = 0.1 Q. This output can be further
filtered to the respiration bandwidth to get a clean respiration signal, from which the respiration rate can be
calculated.

Channel 1
0.01373-
0.013725-
0.01372-
0.013715-
0.01371-
0.013705-
0.0137-
0.013695-

D'Dlaﬁg T 1 1 1 ] 1 1 ] I 1
1] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Samples

Amplitude{Vv)

+iRw |

Figure 12. Channel 1 Result for Rg= 500 Q with Patient Simulator
AR =1 Q, R; =500 Q, Expected DC = 14.9 mV, Expected AV = 29.1 pVv

Channel 1
0.013716-

0.013714-
= 0.013712-
g 0.01371-
Eu.ma?us-

0.013706-

0.013704- |

| I I 1 I ] | I I
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Samples

Figure 13. Channel 1 Result for Rg= 500 Q with Patient Simulator
AR =0.1 Q, R; =500 Q, Expected DC = 14.9 mV, Expected AV =2.91 pv
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The expected dc output can be calculated as shown in Equation 1:

DCV=—_ Ps .« \REFP - VREFM)
- Rg + R96 + R97
0.5 k

= 05k+40kia0k 24=149mV

(1)
Current flowing through the body, or Ig, is calculated according to Equation 2:
VREFP - VREFM 2.4
| = = =29.81 uA
°” "R96+R97 +R;  80.5kK "
2
The peak-to-peak output can be calculated as Equation 3.
AV=ARe*l;=1°29.15=29.1 uV (AR=1Q)
AV =AR*1;=0.1°29.15=2.91 nV (AR=0.1Q)
3)
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