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ULTRA WIDEBAND MONITORING SYSTEMS 
AND ANTENNAS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority under the Paris 
Convention from US. application No. 60/778,908 ?led on 6 
Mar. 2006. For purposes of the United States of America, this 
application claims the bene?t of US. application No. 60/778, 
908, Which is hereby incorporated herein by reference, under 
35 U.S.C. §119. 

TECHNICAL FIELD 

[0002] The invention relates to apparatus and methods for 
monitoring for the presence, activity and/or physiological 
signs of people or animals. The invention may be applied, for 
example, to monitor one or more of the presence, activity, 
heart rates and/or breathing rates of patients in a care facility. 
The invention also relates to antennas for transmitting and/or 
receiving electromagnetic signals. 

BACKGROUND 

[0003] Ultra Wideband (UWB) electromagnetic signals can 
be used in a Wide range of applications. Such signals typically 
comprise very short pulses presented at loW duty cycles. As 
such, UWB signals can be advantageous, especially in appli 
cations in Which it is desirable to maintain loW average poWer 
levels. UWB radar can be used to measure the locations of 
objects at short ranges or to obtain images of objects. UWB 
devices can also be used for Wireless communications, par 
ticularly for short-range and high rate data transmission. 
[0004] UWB electromagnetic signals may have frequen 
cies in the range of a feW hundred MHZ to about 12 GHZ. In 
typical applications, UWB signals are used in the band from 
3 .1 GHZ to 10.6 GHZ. In particular UWB devices the frequen 
cies of electromagnetic signals may be limited to particular 
regions of the spectrum to comply With applicable regulatory 
requirements. For example, some devices may be made to 
operate in a sub-band of the UWB spectrum that occupies the 
UWB spectrum in the range of 3.6 GHZ to 4.6 GHZ. In the 
United States this sub-band has been allocated by the Federal 
Communications Commission (FCC) for use by certain 
UWB devices. 
[0005] While various UWB devices exist, there remains a 
need for practical and cost effective solutions for use in UWB 
systems. For example, there exists a need for practical and 
cost-effective antennas and antenna systems that can be used 
to transmit and/or receive UWB signals in various contexts. 
There is a particular need for such antennas that are compact 
and provide directional radiation patterns. There is also a need 
for practical and cost-effective UWB radar transceiver cir 
cuits. 
[0006] Another ?eld in Which practical and cost-effective 
technology is required is the ?eld of monitoring the vital signs 
of people or animals. For example, it Would be bene?cial to 
provide a system capable of monitoring the heart and breath 
ing rates of patients in care facilities and in peoples’ homes. 
While such systems exist, most have various disadvantages. 
For example, some require that electrodes or other devices be 
attached to each person being monitored, other systems are 
prohibitively expensive or insuf?ciently versatile, other sys 
tems are only capable of monitoring one vital sign, such as 
heart rate. 
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[0007] The prior art includes: 
[0008] NeWham, US. Pat. No. 5,471,198 and EdWards, 
US. Pat. No. 6,788,206 Which disclose systems for 
monitoring for the presence of persons using re?ected 
energy. 

[0009] Richards et al., US. Pat. No. 6,900,732 Which 
discloses a system for monitoring assets, objects, per 
sons or animals using UWB signals. 

[0010] Richards et al., US. Pat. No. 6,466,125 Which 
discloses a system, electronic monitor and method that 
utiliZe impulse radio technology to alert medical person 
nel When a patient needs medical assistance. 

[0011] Richards et al., US. Pat. No. 6,504,483 Which 
discloses the use of impulse radio to track a position of a 
horse as it moves around a race track and/or to enable 
people to monitor one or more vital signs of the moving 
horse. The patent discloses that the technology may also 
Work With other animals, such as dogs, and With people. 

[0012] Hall et al., US. Pat. No. 6,661,342 Which dis 
closes the use of impulse radio to track moving athletes 
and to provide secure communication With athletes. 

[0013] NoWogrodZki et al., US. Pat. No. 4,513,748 
Which discloses a heart rate monitor that utiliZes tWo RF 
signals. 

[0014] Bloice, US. Pat. No. 3,796,208 Which discloses a 
system for monitoring movements of a patient using a 
microWave radar unit. 

[0015] Lye et al, WO 2004/047630 Which discloses a 
system that uses UWB signals to transmit information 
regarding the health condition of a user. 

[0016] Tupin et al. US 2004/0249258 Which discloses 
the use of UWB radar for imaging and acquiring physi 
ological data. 

[0017] McEWan, US. Pat. No. 5,361,070, Which dis 
closes a UWB radar motion sensor. 

[0018] EdWards, US. Pat. No. 6,788,206 discloses a 
patient monitoring system. 

SUMMARY OF THE INVENTION 

[0019] This invention provides apparatus and methods that 
relate to UWB systems. The apparatus and methods may be 
applied to systems for monitoring the vital signs of people or 
animals. The apparatus and methods also have other applica 
tions. Such methods and apparatus may incorporate various 
UWB technology as described herein. Systems according to 
some aspects of the invention may be implemented using 
continuous Wave (CW) technology. 
[0020] Some speci?c aspects of the invention provide 
antennas and antenna arrays that may be used to send and/or 
receive UWB signals; UWB radar transceiver circuits; and 
patient monitoring systems. These speci?c aspects of the 
invention may be applied independently of one another and 
may also be applied in various combinations. 
[0021] Further aspects of the invention and features of spe 
ci?c embodiments of the invention are described beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] In draWings Which illustrate non-limiting embodi 
ments of the invention, 
[0023] FIG. 1 is a block diagram of a patient monitoring 
system according to an embodiment of the invention; 
[0024] FIG. 2 is a schematic vieW shoWing a possible dis 
play for the patient monitoring system of FIG. 1; 
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[0025] FIG. 3 is a block diagram of a sensing unit that could 
be used in the monitoring system of FIG. 1; 
[0026] FIG. 4 is a schematic vieW showing a sensing unit 
detecting the presence of a person and the person’s heart and 
respiration activity through a mattress by Way of radiofre 
quency pulses; 
[0027] FIGS. 4A through 4C illustrate various alternative 
arrangements of antennas; 
[0028] FIG. 5 is a block diagram ofa sensing unit; 
[0029] FIG. 6 is a block diagram of an RF radar transceiver 
that may be used in a sensing unit; 
[0030] FIG. 7 is a timing diagram for parts of the radar 
transceiver of FIG. 6; 
[0031] FIG. 8 is a plan vieW ofan antenna array that may be 
used to transmit and receive UWB signals; 
[0032] FIG. 8A is a plan vieW of the reverse side of the 
antenna array of FIG. 8; 
[0033] FIG. 8B is an enlarged vieW of an antenna element 
of the antenna array of FIG. 8; and, 
[0034] FIGS. 9, 9A, 9B and 9C are vieWs of a compact 
antenna that may be used to transmit and/or receive UWB 
signals. 

DESCRIPTION 

[0035] Throughout the folloWing description, speci?c 
details are set forth in order to provide a more thorough 
understanding of the invention. HoWever, the invention may 
be practiced Without these particulars. In other instances, Well 
known elements have not been shoWn or described in detail to 
avoid unnecessarily obscuring the invention. Accordingly, 
the speci?cation and draWings are to be regarded in an illus 
trative, rather than a restrictive, sense. 
[0036] The folloWing description describes antennas for 
transmitting and/ or receiving ultra Wideband signals, circuits 
for generating ultra Wideband signals and systems for moni 
toring for the presence, activity and/or vital signs of people or 
animals. The invention Will be described With reference to a 
patient monitoring system that incorporates all of these ele 
ments. HoWever, the various novel components and sub 
systems described herein also have application in other com 
binations and contexts. 
[0037] FIG. 1 shoWs schematically a patient monitoring 
system 10. System 10 may be used, for example, in a hospital 
Ward, a long term care facility, a nursery, or the like. System 
10 has a monitoring station 12 and one or more sensing units 
14. In the illustrated embodiment, sensing units 14 include 
sensing units 14A and 14B that are located under the mat 
tresses 16 of beds 17, a sensing unit 14C that is built into (or 
mounted on) the backrest 18 of a Wheelchair 19, a sensing unit 
14D that is mounted at the entrance 20 of a restricted area 22 
(restricted area 22 may be, for example, a dispensary in Which 
medications are stored, an exit from the facility, or the like) 
and a sensing unit 14E that is strapped to a person’s chest (as 
shoWn) or Wrist (not shoWn). 
[0038] Monitoring station 12 may receive signals from 
additional sensors (not shoWn) in addition to sensors 14. For 
example, monitoring station 12 may receive signals from 
door sWitches, proximity sensors, other patient monitoring 
devices such as EEG machines, blood oxygen sensors, or the 
like. 
[0039] Each sensing unit 14 is in communication With 
monitoring station 12. The communication is preferably 
Wireless communication. As described beloW, sensing units 
14A, 14B, 14C and 14E monitor for the presence, activity and 
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vital signs of a person at the location of the sensing unit 14. 
Sensing unit 14D is intended to detect the presence of per 
sonnel in restricted area 22. Sensing unit 14D may lack capa 
bilities for detecting vital signs etc. Sensing units 14 may 
monitor one or more of: 

[0040] a heart rate of the person; 
[0041] a breathing rate of the person; 
[0042] Whether a person’s breathing or heart beat has 

stopped; 
[0043] Whether a person’s breathing or heart beat has an 

abnormal pattern; 
[0044] Whether or not the person is active (i.e. moving); 
[0045] Whether a person is moving in an unusual way 
(eg Whether the person is moving in a manner that 
could indicate a seiZure or ?t) 

[0046] Whether or not a person is present in the vicinity 
of the sensing unit; and, 

[0047] the like. 
Data signals 24 that contain results from the monitoring 
operation are transmitted to monitoring station 12. 
[0048] Monitoring station 12 comprises a display 26, a 
Wired or Wireless communication module 27 and an alarm 28 
Which may comprise, for example, a generator of alarm 
sounds. Communication module 27 receives data signals 24 
from sensing units 14. Monitoring station 12 displays infor 
mation regarding the various persons being monitored. 
[0049] FIG. 2 shoWs an example of a possible display. 
Monitoring station 12 may, for example, be located at a nurs 
ing station Where it can be used by a duty nurse to monitor the 
status of patients. Monitoring station 12 may generate alarms 
if the data signals meet speci?ed alarm criteria. The alarm 
criteria may include, for example: 

[0050] a person is present but has not moved and has not 
had a detectable heart beat or respiration for more than a 
threshold period; 

[0051] a person Who should remain present at a sensing 
unit 14 is no longer detected as being present; 

[0052] a person is detected in a restricted area; and, 
[0053] the like. 

[0054] An alarm may cause a visible indicia 29 to be dis 
played on display 26 (see FIG. 2) and may also or in the 
alternative cause an audible signal to be generated by alarm 
28 Which may comprise a buZZer or the like. A remote moni 
toring station (not shoWn) may be provided in addition to 
monitoring station 12. Monitoring station 12 is optionally in 
communication With a portable monitoring device such as a 
pager or the like that can signal to a responsible person When 
an alarm condition is detected at monitoring station 12. 
[0055] Display 26 may display trends in a monitored per 
son’s motion as Well as any vital signs being monitored as 
Well as values for various vital signs being monitored by 
system 10. 
[0056] Monitoring station 12 may be integrated With an 
overall patient management system that tracks patient infor 
mation, treatment history, medication history and the like. 
Such systems are commercially available and are therefore 
not described further herein. Personnel at monitoring station 
12 can observe the heart and respiration rates of patients being 
monitored and are Warned by an alarm When a patient gets or 
falls out of bed, a patient stops breathing, a patient’s heart 
stops, a patient is moving abnormally, or there exists some 
other condition or combination of conditions for Which moni 
toring station 12 provides an alarm. 
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[0057] Sensing units 14 comprise ultra Wideband (UWB) 
radar systems. FIG. 3 is a block diagram of an example 
sensing unit 14. Sensing unit 14 has a UWB radar system 30 
connected to an antenna system 31. UWB radar system 30 has 
a UWB transmitter 30A, and a UWB receiver 30B. UWB 
radar system 30 generates UWB pulses that are transmitted 
by antenna system 31 into a space Where a person may be 
located. This space may be called a “sensing volume” since 
UWB radar system 30 can be used to detect a person in the 
space. If a person is present in the space then the pulses are 
re?ected at interfaces Within the person’s body, such as sur 
faces of the lungs and heart. Re?ected pulses are received at 
antenna 31 and detected by UWB radar 30. 

[0058] In some embodiments, the UWB pulses are in the 
C-band (3.6 to 4.6 GHZ). The Width of transmitted UWB 
pulses may be in the range of 1 ns to 3 ns, for example. UWB 
pulses are delivered at a suitable rate. The pulse rate may be 
set to a value loW enough that the average emitted poWer is 
loW enough to satisfy applicable regulatory requirements. For 
example, the pulse repetition interval (PRI) is in the range of 
0.5 [is to 1 us in some embodiments. The time-averaged 
transmitted output poWer may be relatively small. For 
example, the maximum effective isotropic radiation poWer 
(EIRP) may be —41 .3 dBm/MHZ or less. 

[0059] A receiver output signal 32 from UWB radar system 
30 is passed to a signal processing system 33. Signal process 
ing system 33 processes receiver output signal 32 to obtain 
values for heart rate, breathing rate, and/ or other characteris 
tics being monitored by sensing unit 14. An output signal 
containing values for the characteristics is passed to Wireless 
communication device 35 Which transmits a signal 24 that 
carries data representing the values to monitoring station 12 
by Way of antenna 36. In the illustrated embodiment, a control 
38 coordinates the operation of sensing unit 14. Control 38 
may, for example, comprise a programmable microprocessor 
executing softWare instructions, logic circuits, or some com 
bination thereof. 

[0060] FIG. 4 illustrates schematically hoW an antenna sys 
tem 31 located under a mattress 17 can emit a UWB pulse 40. 
Pulse 40 passes into a person P and is re?ected at various 
surfaces, including surfaces of the person’s lungs L and heart 
H, to form re?ected pulses 42 that are detected by antenna 
system 31. By using UWB radar in a back-scattering remote 
sensing mode, the system can monitor heart and respiration 
rates of a person Without electrodes or other devices being 
attached to the body of the person. 

[0061] Antenna system 31 may comprise an array of trans 
mit antennas 31A and an array of receive antennas 31B. The 
transmit and receive antennas are distributed over an area 

broad enough to be able to cause and detect re?ected pulses 
42 from patient P in any reasonable position and posture on 
mattress 16. Transmit antennas 31A may be loW-gain anten 
nas. The use of loW-gain transmit antennas 31A permits trans 
mission of UWB signals having higher average amplitudes 
Without causing EIRP to exceed thresholds that may be speci 
?ed by applicable regulations. In some jurisdictions, regula 
tions require that EIRP not exceed a speci?ed threshold value. 
Further, since loW- gain antennas generally have broad radia 
tion patterns the radiation is distributed into a broad angular 
space. 

[0062] Receive antennas 31B may be higher-gain antennas 
to provide better signal-to-noise ratios (SNR) for received 
signals containing re?ected pulses 42. 
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[0063] FIG. 4A shoWs an example arrangement of antenna 
arrays under mattress 16. A number of transmitting arrays 
31A and receiving arrays 31B are arranged in a region 46 
extending across mattress 16 at the expected level of the torso 
of a person P lying on mattress 16. Each transmitting array 
31A is at the center of a cluster of receiving arrays 31B. In the 
illustrated embodiment, each transmitting array 31A is at the 
center of a group of four receiving arrays 31B that are 
approximately equally-spaced from a central transmitting 
array 31A. Arranging transmit antennas 31A and receive 
antennas 31B in an interleaved fashion facilitates obtaining a 
good signal-to-noise ratio. Transmit antennas 31A may be 
loW-gain antennas that provide a relatively large coverage 
angle. This permits coverage of region 46 With relatively feW 
transmit antennas 31A. 

[0064] FIG. 4B shoWs another possible arrangement in 
Which a number of antenna modules 43 each have a number of 
transmit antennas 31A and a number of receive antennas 3 1B. 
Modules 43 may be connected to an electronics module 44 
containing a UWB transceiver by suitable Waveguides such as 
coaxial cables 45. Each module 43 may be, for example, 
approximately 8 inches square. In the illustrated embodi 
ment, each module 43 has four receiving antennas 31B and 
one transmitting antenna 31A. The antennas may be directly 
mounted or formed (for example by etching or printing) on a 
circuit board. Each module may optionally comprise a four 
into-one poWer combiner to collect poWer from the receive 
antennas for delivery to electronics module 44. 
[0065] The apparatus of FIG. 4B may be enclosed Within a 
suitable housing for placement under the mattress of a bed. 
The housing provides insulation of antennas 31A and 31B 
from contact With any dielectric or metallic surface that could 
affect their performance. The housing may provide an air gap 
betWeen antenna modules 43 and an underlying mounting 
surface. The housing may include a solid base plate to Which 
the antenna modules and electronics module may be 
mounted. The base plate may, for example, comprise a sheet 
of aluminum or other suitable material. The housing may 
include a radome for environmental protection. The radome 
may be formed, for example, from a thin layer of plastic. A 
metallic shielding enclosure may be provided for electronics 
module 44. 
[0066] FIG. 4C shoWs another embodiment Which has 
feWer antennas than the embodiment of FIG. 4B. Other 
arrangements of antennas are also possible. 
[0067] In an example embodiment illustrated in FIG. 5, 
UWB transmitter 30A comprises an oscillator 50 that is 
quenched to create a pulsed radiofrequency (RF) Waveform 
that passes into a gated ampli?er 52 to produce UWB pulses 
40. It is generally desirable that the center frequency of oscil 
lator 50 be tunable to alloW for frequency optimization, if 
required. Any suitable oscillator circuit may be used in oscil 
lator 50. A Wide range of suitable oscillators are knoWn to 
those skilled in the art. For example, oscillator 50 may com 
prise an oscillator based on a diode, FET or junction transis 
tor. 

[0068] In the example embodiment, UWB receiver 30B 
receives a signal 53 from receiving array 31B of antenna 
system 31 and passes the received signal through a RF signal 
conditioning stage 54 that comprises, for example, a ?lter 55 
and an ampli?er 56. The conditioned signal is provided to a 
mixer 58 Where it mixes With a signal from oscillator 50 to 
yield a baseband signal 59. Baseband signal 59 is further 
conditioned in baseband conditioning stage 60, for example, 
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by a ?lter 61 and ampli?er 62. The conditioned baseband 
signal is then digitized by analog-to-digital converter (ADC) 
64. ADC 64 is preferably at least a 12/ 14-bit ADC so that the 
conditioned baseband signal can be digitized With 80 dB in 
dynamic range. With an analog anti-aliasing ?lter of about 10 
Hz, the sampling rate of the ADC does not need to exceed 
about 50 Hz to obtain a digitized signal from Which heart rate 
and respiration rate can be extracted. To reduce the overall 
cost, size and poWer consumption of sensing unit 14, ADC 64 
may comprise the ADC part of a combined ADC/micropro 
cessor. 

[0069] In currently preferred embodiments, a coherent 
Doppler detection scheme is applied to detect re?ected pulses 
42. The conditioned baseband signal has a frequency compo 
nent that varies With a patient’s heart beat and a frequency 
component that varies as the patient breathes. The condi 
tioned baseband signal may be an audio frequency signal (for 
example, the conditioned baseband signal may have frequen 
cies in the range of a fraction of a Hertz to a feW Hertz). 

[0070] In the illustrated embodiment, baseband condition 
ing stage 60 provides separate signal paths for conditioning 
respiration and heart-rate components of baseband signal 59. 
This permits signal conditioning to be optimized for each 
signal component. FIG. 5 shoWs a ?ltering stage 61 compris 
ing separate ?lters 61A and 61B, an ampli?cation stage 62 
comprising separate ampli?ers 62A and 62B and a digitiza 
tion stage 64 comprising separate analog to digital converters 
64A and 64B that respectively condition a heart-rate signal 
65A and a respiration-rate signal 65B. 
[0071] The digitized signal 65 (having conditioned compo 
nents 65A and 65B in the illustrated example) passes to signal 
processing stage 33. Signal processing stage 33 comprises a 
suitable data processor, such as a digital signal processor or 
microprocessor, for example, or suitable analog or digital 
signal processing circuits, such as a suitable con?gured ?eld 
programmable gate array (FPGA). In FIG. 5, signal process 
ing stage 33 comprises a digital signal processor (DSP) 66 
executing softWare instructions 68 stored in a program store 
accessible to DSP 66. DSP 66 extracts heart rate and respira 
tion rate information from signal 65. 
[0072] In some embodiments, DSP 66 is programmed to 
perform a transformation of the conditioned baseband signal 
into the frequency domain. An example of such a transforma 
tion is the Fourier transformation, Which may be imple 
mented as a fast Fourier transformation (FFT) algorithm. 
Heart beats in humans typically have frequencies in the range 
of 0.8 Hz to 3 Hz (50 to 180 beats per minute). Respiration in 
humans typically occurs at frequencies in the range of 0.1 Hz 
to 0.7 Hz (6 to 42 breaths per minute). DSP 66 can extract the 
patient’s heart and breathing rates by searching in the trans 
formed frequency domain signal for peaks at frequencies in 
the ranges expected for heart and respiration rates. The heart 
and respiration rate frequency ranges may be speci?ed in DSP 
softWare 68 or stored in a data register accessible to DSP 66. 

[0073] The heart and respiration rate ranges may be user 
con?gurable. For example, infants may have heart rates that 
are substantially higher than the heart rates of adults. Where 
apparatus according to the invention Will be used to monitor 
an infant, the heart and respiration rate frequency ranges may 
be set to higher values by Way of a suitable user interface. 

[0074] The accuracy of the results may be improved by 
performing the transformation into the frequency domain for 
relatively large blocks of data. For example, the transforma 
tion into the frequency domain may be performed by taking 3 
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or more blocks of conditioned baseband data at a time. Each 
block may contain, for example, 256, 521 or 1024 samples of 
the conditioned baseband data. Each time a neW block is 
available, the transformation is repeated by dropping the old 
est block and adding the neWest block. The data on Which 
each successive transformation is based therefore overlaps 
With the data for the immediately prior transformation. For 
example, Where 4 blocks of data are taken at a time, there is a 
75% overlap in the data used for each transformation. 
[0075] Further enhancement may be made by using a pre 
viously-determined average heart rate to assist in identifying 
the heart rate signal in cases Where there are multiple peaks in 
the frequency spectrum Within the frequency-range corre 
sponding to expected heart rates. In cases Where DSP 66 
identi?es more than one peak in the frequency domain data 
that could be a heart rate, DSP 66 may be programmed to 
select the peak that is closest to the previously-determined 
average heart rate. 
[0076] Harmonics of the respiration frequency can fall in 
the heart rate frequency range. Receiver 3 0B may be designed 
to minimize such harmonics. In some embodiments, DSP 66 
may be programmed to detect frequency components that are 
harmonics of the heart rate or respiration rate and to deter 
mine the heart rate or respiration rate entirely, or in part from 
the frequencies of the harmonics. For example, the heart rate 
may be determined by detecting and measuring the frequency 
of the second harmonic of the heart rate and dividing the 
result by tWo. 
[0077] In some cases, a person can have a respiration rate 
that is relatively high and a heart rate that is relatively loW. In 
such cases, it may not be possible to separate the heart rate and 
respiration rate signals (especially because the signal level of 
the respiration rate signal is typically much larger than that of 
the heart rate signaliin some cases the respiration rate signal 
may be 20 dB to 30 dB higher in amplitude than the heart rate 
signal). This amplitude difference can be reduced someWhat 
by providing a ?lter that reduces the amplitude of the respi 
ration signal in signal conditioning stage 60. For example, 
signal conditioning stage 60 may reduce the amplitude of 
signals in the respiration frequency range by 10 to 15 dB 
relative to signals in the heart rate frequency range. 
[0078] Identi?cation and measurement of the frequencies 
of respiration and heart beat signals may be enhanced by 
performing time-domain analysis of the conditioned base 
band signal. For example, one can measure the respiration 
rate by counting peaks and zero-crossings in the conditioned 
baseband signal (Which may be further conditioned by suit 
able ?ltering). By ?ltering out loWer frequencies in the con 
ditioned baseband signal one may also measure heart rate by 
counting peaks in the signal resulting from heart motion. 
Respiration rate information and/or heart rate information 
obtained by time domain analysis may be combined With 
corresponding information obtained by frequency domain 
analysis to obtain re?ned estimates of respiration rate and/or 
heart rate. In the alternative, respiration rate information and/ 
or heart rate information may be obtained by time domain 
analysis instead of by frequency domain analysis. 
[0079] In some embodiments, respiration rate and heart 
rate may be determined in tWo or more different Ways and a 
value for the respiration rate or heart rate may be established 
by combining results obtained in the tWo or more different 
Ways. For example, a system according to the invention may 
include a ?rst means for determining the heart rate by directly 
identifying a frequency component corresponding to the 
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heart rate in the Fourier transform of the conditioned base 
band signal; a second means for determining the heart rate by 
identifying a frequency component corresponding to the sec 
ond harmonic of the heart rate in the Fourier transform of the 
conditioned baseband signal; a third means for determining 
the heart rate by time-domain analysis of the conditioned 
baseband signal; and a combining means for combining 
results provided by the ?rst, second and third means to yield 
a value for the heart rate. The combining means may, for 
example, take an average or a Weighted average of the results. 

[0080] DSP 66 averages the heart and respiration rates over 
suitable WindoWs and provides updated averages to commu 
nication subsystem 35. For example, both the heart rate and 
respiration rate may be averaged over a WindoW of 15 to 30 
seconds. Since the respiration rate is typically less than the 
heart rate, respiration rate may optionally be averaged over a 
longer WindoW. Shorter averaging times may be used initially 
to reduce the time betWeen poWer up and the availability of 
heart rate and respiration rate information. 

[0081] Heart rate and respiration rate are updated at a fre 
quency Which is suf?cient to provide timely results. For 
example, heart rate may be updated every feW seconds (e.g. 
every 1 to 5 seconds). If desired, respiration rate may be 
updated at a loWer frequency (e.g. every 5 to 15 seconds). 

[0082] When a patient moves, the motion causes large 
amplitude loW-frequency components in the conditioned 
baseband signal. These loW-frequency components can over 
Whelm the heart rate signal, the breathing rate signal, or both 
of these signals. For the duration of such motion it may be 
dif?cult to identify the heart rate signal or the breathing rate 
signal or both of these signals. DSP 66 is preferably pro 
grammed to detect such motion artifacts and to generate a 
signal (for example, by setting a motion-sensing ?ag) Which 
indicates to monitoring station 12 that motion is detected and 
the motion is preventing the update of respiration rate and/or 
heart rate. DSP 66 may detect motion artifacts by identifying 
large amplitude loW-frequency components in the condi 
tioned baseband signal 65. 
[0083] Communication subsystem 35 transmits the 
updated averages and any additional information, such as a 
motion ?ag, and an ID code that identi?es the sensing unit 14 
to monitoring station 12: Any suitable communication tech 
nologies and protocols may be provided to transmit data from 
sensing unit 14 to monitoring station 12. Some non-limiting 
examples are: a Wired or Wireless local area network (LAN) 
such as an ethemet LAN, an IEEE 802.11 network, or a 
Wireless data communication system compliant With the Zig 
BeeTM speci?cation. Note that some processing may be per 
formed at monitoring station 12 instead of at signal process 
ing stage 33. 
[0084] Heart rates do not typically change suddenly in 
comparison to the period of the heart rate. Monitoring station 
12 (or DSP 66) may perform statistical analysis on the aver 
aged heart rate and breathing rate values. For example, a neW 
heart rate value may be compared to the previous average 
heart rate value. If the neW heart rate value differs by more 
than a threshold amount (for example, 50%) from the previ 
ous average heart rate value then monitoring station 12 (or 
DSP 66) may be con?gured not to display the neW value. In 
this situation, monitoring station 12 may indicate that the 
heart rate value is unreliable by displaying a symbol, instead 
of or in addition to the heart rate value, not displaying the 
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heart rate value, displaying the heart rate value using different 
display parameters (eg ?ashing, a different color, etc.) or the 
like. 
[0085] Monitoring station 12 may monitor heart rate and 
breathing rate signals for patterns that indicate a potential 
problem. For example, monitoring station 12 may be con?g 
ured to trigger an alarm if a person’s respiration rate suddenly 
increases and stays high, either on its oWn or in combination 
With other factors. 
[0086] FIG. 6 shoWs a circuit 70 that may be used as UWB 
radar 30. Circuit 70 has a signal generation section 70A and a 
signal receiving section 70B. Signal generation section 70A 
produces a local oscillator signal 71 and a UWB pulse signal 
72. Signals 71 and 72 have different Waveforms. Signal 72 is 
made up of short UWB pulses having pulse-Width of a feW 
nanoseconds (ns). 
[0087] Local oscillator signal 71 provides pulses that are 
longer than the pulses in signal 72 With the same carrier 
frequency as the pulses in signal 72. The length of pulses in 
local oscillator signal 71 should be su?iciently long to alloW 
capture of all re?ected pulses 42 in a range of interest. 
Re?ected pulses 42 Which arrive after the end of the local 
oscillator pulse Will not be detected. It is desirable to keep 
pulses in local oscillator signal 71 short to exclude unWanted 
signals from the surroundings and to avoid unnecessary RF 
coupling. For example, the length of pulses in signal 71 is 
typically in the range of about 5 ns to 10 ns or so and may be 
adjustable. In some embodiments the pulses in signals 71 and 
72 can be of the same or similar lengths. 

[0088] In signal generation section 70A, a clock 74 oper 
ates to provide a clock signal at a desired pulse repetition 
frequency, for example, about 1 MHZ to long-pulse gating 
circuit 76. Long-pulse gating circuit 76 generates pulses that 
cause quenching circuit 78 to quench oscillator 78 Which 
operates at a suitable frequency (eg a C-band frequency). 
Local oscillator signal 71 is taken off at signal splitter 80. 
[0089] After a time delay set by delay circuit 84, a short 
pulse is generated by SP gating circuit 86. The short pulse 
operates sWitch 82 to pass a very short RF pulse to the trans 
mitting antenna array via ?lter 88. Keeping transmitted pulses 
short implies that the transmitted pulses Will have a relatively 
broad bandWidth With loW average signal level. Such loW 
level signals can be made to meet regulatory requirements, 
such as requirements imposed by the Federal Communica 
tions Commission (FCC) in the United States Which limit the 
alloWable time-averaged and maximum signal levels. Delay 
84 alloWs control over the relative timing betWeen the trans 
mit pulses in signal 72 and local oscillator signal 71. 
[0090] Receiving section 70B receives a signal from a 
receiving antenna array. The signal is ?ltered at ?lter 90 and 
ampli?ed by a loW noise ampli?er 92 before it is mixed With 
local oscillator signal 71 at mixer 94. An attenuator 73 may be 
provided to reduce the amplitude of local oscillator signal 71 
upstream of mixer 94. A baseband signal output from mixer 
94 is ?ltered at ?lter 95, adjusted for offset at differential 
ampli?er 96A, ampli?ed at ampli?er 98A and ?ltered at ?lter 
99A. 

[0091] In the illustrated embodiment, differential ampli?er 
96A, ampli?er 98A and ?lter 99A carry a signal from Which 
heart-rate Will be determined. A separate differential ampli 
?er 96B, ampli?er 98B and ?lter 99B are provided to condi 
tion a signal from Which respiration rate Will be determined. 
This facilitates separation of the heart-rate and respiration 
signals. The component of the demodulated signal at the 
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output of mixer 94 that carries information regarding respi 
ration is typically about 20 dB to 30 dB higher in magnitude 
than the component of the signal that represents heart rate. A 
high pass ?lter 99A in the heart rate channel can ?lter out 
much of the respiration signals. The high-pass ?lter may, for 
example, ?lter out signal components that have frequencies 
less than about 0.5 HZ and pass higher-frequency signals. 
Separation of the respiration signal from the heart-rate signal 
alloWs ampli?cation of the respiration and heart rate signals 
to levels Which facilitate time-domain signal processing of 
the signals. 
[0092] Receiving section 70B provides separate outputs 
Which carry signals from Which re?ected poWer and motion 
of a person can be detected. Motion detection output 102 
receives a signal that is ampli?ed by ampli?er 100 and ?ltered 
by a high-pass ?lter 101. If the signal at motion detection 
output 102 has a value exceeding a threshold then this is an 
indication that the patient is moving enough to disrupt heart 
rate or breathing rate measurements. 

[0093] Ampli?er 104 and ?lter 105 respectively amplify 
and loW-pass ?lter a signal taken at the output of mixer 94. 
This signal is presented at output 106. The amplitude of the 
signal at output 1 06 increases as the re?ected poWer picked up 
by receive antennas 31B increases. 
[0094] Re?ected poWer may be measured by an envelope 
detector. The amplitude of re?ected poWer Will, in general, 
depend upon the con?guration of the apparatus, the nature of 
the subject, the posture and location of the subject, and the 
like. In some embodiments, the presence or absence of a 
subject is determined by comparing re?ected poWer received 
at tWo different sets of antennas (typically the tWo sets of 
antennas are tWo antenna arrays). The difference in the 
re?ected poWer received at tWo arrays can be compared to a 
threshold to determine Whether or not a subject is present. In 
such embodiments, ampli?er 104 may comprise a difference 
ampli?er, as shoWn in FIG. 6. An advantage of this construc 
tion is that it requires little or no adjustment to compensate for 
variability in the apparatus. 
[0095] Where no person (or other person-like object) is 
present Within the sensing volume then the signal at output 
106 Will have an amplitude Within a given range. In the case 
of a bed sensor, this indicates that the bed is not occupied. In 
the case of sensors being used in other applications, this 
indicates that a person is not present Within the sensing vol 
ume. When a person enters the sensing volume then the 
re?ected poWer (or re?ected poWer difference) indicated by 
the signal at output 106 changes. A system 10 may monitor 
the signal at output 106 and change a status ?ag from, for 
example, NOT_OCCUPIED to NORMAL When the signal at 
output 106 changes to a value outside of the range that it has 
When no person is present. 
[0096] Circuit 70 may perform a calibration routine Which 
sets the range of values corresponding to the bed being unoc 
cupied When it is poWered-up or at other times When the bed 
is unoccupied in response to a user input. 
[0097] A signal processing system 33 may set a status ?ag 
based on the combination of signals at outputs 102 and 106. 
The status ?ag may, for example, have values of NOT OCCU 
PIED, MOTION, and NORMAL. Some embodiments may 
have status ?ags for both normal motion and abnormal 
motion. The status ?ag indicating normal motion may be set 
When a person being monitored rolls over or changes position 
in a Way that is normal and expected. The status ?ag indicat 
ing abnormal motion may be set When the person being moni 
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tored makes movements that indicate a possible problem that 
may require intervention. For example, the status ?ag indi 
cating abnormal motion may be set When the person being 
monitored makes continued thrashing movements as may 
accompany certain types of seiZure. Updating of heart rate 
and respiration rate values may be suppressed When the status 
?ag has a value other than “NORMAL”. 

[0098] FIG. 7 is a timing diagram that illustrates the relative 
timing betWeen shorter pulse gating signal 87 Which controls 
the timing and lengths of transmitted UWB pulses in signal 72 
and longer pulse signal 77 Which controls the timing and 
duration of pulses in local oscillator signal 71. Signal 77 has 
pulses of lengthA, for example 5-10 ns separated by intervals 
of length B, for example, about 1 us. In the illustrated embodi 
ment, pulses in signal 87 begin at time C, typically a feW ns, 
after the initiation of the longer pulse in signal 77. This 
promotes frequency and phase stability at the start of the 
oscillation. The pulses in signal 87 have lengths D, of a feW ns 
(for example, l-5 ns and preferably 3 ns or less, for example 
l-2 ns). The pulse length D and pulse repetition rate may be 
chosen to achieve a time-averaged poWer density that is loW 
enough to comply With limits imposed by applicable regula 
tions. 

[0099] Received signals 89 Will arrive at receiver 70B in 
different time slots. The pulse length A during Which local 
oscillator signal 71 is available is su?iciently long to encom 
pass all received signals 89. The received signal is time gated 
at receiver 70B by the local oscillator signal. Using a local 
oscillator signal that is longer than the transmitted signal 
alloWs the simultaneous detection of signals from all receive 
antennas. As a result, channel multiplexing is not required. 
The local oscillator signal should not be unnecessarily long in 
order to prevent receiver 70B from receiving unWanted noise 
signals. In some embodiments, a blanking signal MP is gen 
erated at the start of each transmit pulse SP. Blanking signal 
MP is connected to suppress the reception of received signals 
89 While UWB pulses are being transmitted. This prevents 
signals induced in the receive antennas by near-?eld coupling 
to the transmit antenna(s) from being mistaken for desired 
received signals 89. 
[0100] The basic technology described above may be 
applied to systems that monitor a single person. For example, 
a sensing unit 14 may be provided to monitor for the presence, 
respiration rate and/ or breathing rate of an infant in a crib or 
of a person in a bed or chair. An alarm may be integrated With 
sensing unit 14 or the sensing unit 14 may be connected to 
communicate an alarm signal to a remote alarm unit (either by 
Way of a Wired or Wireless connection). In one embodiment, 
a sensing unit 14 is combined With a baby monitor. A base 
station of the baby monitor receives sounds made by an infant 
and also delivers an alarm signal in case the output from 
sensor 14 indicates a possible problem (such as the infant has 
stopped breathing). In another embodiment, a sensor 14 is 
connected directly to an alarm and operates the alarm if the 
sensor 14 detects that a person being monitored has stopped 
breathing for more than a short time. Such a system may be 
used With or Without external monitoring to Wake up a person 
Who suffers from sleep apnea by triggering the alarm. 
[0101] FIGS. 8, 8A and 8B shoW a design for an antenna 
array 120 that may be used in a system of the type described 
herein and may also be used for other applications. Individual 
antennas of the type shoWn in FIG. 8B may be combined into 
arrays of other types or used in stand-alone applications. 
Array 120 comprises a plurality of dipole-like antennas dis 
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