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(&9)) ABSTRACT

The present invention provides a system and method for
establishing a synchronized time frame for signals in a
medical monitoring system. In particular, the present inven-
tion provides a system and method for synchronizing the
time frame of stimulation signals provided by a stimulator to
a subject and response signals received by an amplifier
device from the subject in response thereto. Thus, the
present invention allows accurate display and analysis of the
relationship between stimulation and response signals by a
monitoring device. Time frame synchronization of stimulus
and response signals is achieved using a periodic bus cycle
clock signal which is provided by a bus, i.e., an IEEE 1394
bus, connecting together each of the devices in the moni-
toring system. For example, a time frame synchronized
stimulation trigger signal may be generated by a stimulus
synchronization circuit including a phase-locked loop for
providing a local clock signal synchronized to the periodic
bus cycle clock signal, and employing the local clock signal
to provide a multi-bit signal indicating a segment during a
bus cycle during which the stimulation signal is provided by
the stimulator to the subject.
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TIME FRAME SYNCHRONIZATION OF MEDICAL
MONITORING SIGNALS

FIELD OF THE INVENTION

[0001] The present invention pertains generally to medical
monitoring equipment, including equipment for providing a
stimulus signal to a subject and for monitoring the response
of the subject to the stimulus, and more particularly to
methods and devices for synchronizing the time frames of
the stimulus and response signals for analysis and display.

BACKGROUND OF THE INVENTION

[0002] Medical monitoring involves monitoring the body
of a subject to determine the state of health of the subject and
to detect, identify, and diagnosis changes or abnormalities in
the state of the body which may be indicative of problems.
Medical monitoring may involve monitoring, for example,
the motion of a subject’s body, temperature or chemical
changes of the subject’s body, and/or audible or electrical
signals generated by the subject’s body. For example, elec-
troencephalography (EEG) is a form of medical monitoring
wherein the electrical potentials of the subject’s brain are
monitored by attaching electrodes to the subject’s scalp. In
electromyography (EMG), electrical activity generated in
the subject’s muscles is monitored using surface and/or
needle recording electrodes. Medical monitoring may take
place when a subject is at rest, in motion, or during the
performance of a medical procedure. In some cases, medical
monitoring involves monitoring the response of the subject
to a stimulus. For example, EEG monitoring may be used to
detect the electrical response of a subject’s brain to audible,
visual, or electrical stimuli. Medical monitoring involving
stimulus and response detection may be used in combination
with EMG and various other medical monitoring methods as
well.

[0003] A typical method of medical monitoring involving
stimulus and response detection includes connecting a
stimulator, e.g., via electrodes, to a subject, and placing
monitoring electrodes, or other sensors, on the subject to
detect the subject’s response to the stimuli provided by the
stimulator. The stimulator is controlled by a stimulation
controller, which provides a trigger signal to a stimulus
generator to deliver stimuli of a desired magnitude, duration,
and pattern to the subject. The electrodes or other sensors
used to detect the response of the subject to the stimuli are
connected to an amplifier device which amplifies the
detected physiological response signals. The amplified
response signals are, in turn, processed, analyzed, and
displayed, typically using a microprocessor based monitor
device.

[0004] In displaying and analyzing detected physiological
response signals, it is important that accurate time frame
synchronization between the stimulus and response signals
is achieved. Such synchronization is critical to determining,
for example, the delay time between the stimulus and the
response. Such synchronization may be achieved where a
stimulation controller, physiological signal amplifier, and
analysis and display monitor system are contained in a
signal device controlled by a single microprocessor, or by
multiple microprocessors operating off of the same system
clock. However, it is often desirable to employ stimulator,
amplifier, and monitor devices which are implemented as
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separate devices, each having their own microprocessor
control and system clock. This allows for modularity and
separation of the medical monitoring system components.
Modularity allows a variety of different stimulators, provid-
ing a variety of different types of stimulation, and a variety
of different amplifier devices, for detecting a variety of
different physiological response signals, to be used in com-
bination with each other and with a given analysis and
display monitor device. Separation allows the components
of the medical monitoring system to be located remotely
from each other. For example, during a medical procedure,
it may be desirable to have the stimulator and amplifier
devices separated from each other and from the analysis and
display monitor device, which may be located in another
room or even further from the site of the procedure. This
minimizes the chance that the medical monitoring system
will get in the way of the procedure, and allows the various
medical monitoring system components to be positioned
optimally such that information is made available to the
appropriate personnel where required.

[0005] Where separate stimulator, amplifier, and display
and analysis monitor devices are employed, and particularly
where such devices are separated by a distance, synchroni-
zation between the stimulus and response signal time frames
can be very difficult to maintain. Each such device is
typically controlled by its own device controller, which is
driven by its own local device clock. Even if the various
device clocks are initially synchronized, and operate at the
same nominal rate, divergence between the system clocks
over time is inevitable. If the time frames in which the
stimulus signal is applied and the response signals are
detected cannot be synchronized, accurate display and
analysis of the relationship between the stimulus and
response signals is not possible. Currently, synchronization
is achieved between independent stimulator, amplifier, and
display and analysis monitor devices, each having its own
independent device controller and device clock, by connect-
ing the stimulator device to the display and analysis monitor
device by a wire, and providing a signal on the wire when
a stimulus signal is provided to a subject by the stimulator
device. The distance over which such a wire can be run is
limited. What is desired is a system and method for estab-
lishing a synchronous time frame between separate stimu-
lator, amplifier, and monitor display and analysis devices in
a medical monitoring system, wherein each such device may
have its own independent device controller and device
clock.

[0006] A general structure for a high speed serial bus for
connecting together multiple devices, along with a protocol
for sending data on the bus and for sharing the bus medium,
is specified in IEEE standard 1394. (The official name of the
standard is “IEEE 1394-1995 Standard for High Perfor-
mance Serial Bus”. It is published by the Institute of
Electrical and Electronics Engineers (IEEE). IEEE 1394 has
been implemented in commercially available products and
sold, for example, under the trade name Fire Wire.) A 1394
bus structure is tree-like, having a “root” device, branching
out to logical “nodes” in other physical devices. The root is
responsible for certain control functions. The root device is
chosen during initialization and, once chosen, retains that
function as long as it remains connected to the bus. A 1394
network may include up to 63 nodes, with each node
specified by a six-bit physical identification number. Mul-
tiple networks may be connected by bridges, to a system
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maximum of 1,023 busses. Combined, IEEE 1394 allows up
to 64,449 nodes in a system with a maximum of 256 TB of
memory space per node.

[0007] The IEEE 1394 bus structure is very flexible.
Devices may be plugged into any available port on the bus.
Devices can be hot-plugged, i.e., connected or disconnected
while energized. The bus configures itself. There is no need
to set address switches, and there are no hard wired
addresses. Every time a node is added to or removed from
the network, the bus’s topology is automatically reconfig-
ured by the bus protocol. There can, however, be at most 16
hops between any two nodes, and devices may not be
connected in such a way as to form loops. To maintain signal
quality, standard IEEE 1394 bus cables should stretch no
more than 4.5 meters between nodes. Physically, a 1394 bus
cable terminates in a six-pin connector. The six pins are
connected to a pair of power wires and two twisted-wire
signal pairs. Each twisted pair is shielded, as is the entire
cable. The power wires, which carry up to 1.5 A at 8.40 V,
keep all parts of the bus alive even when some devices
connected to the bus are unenergized. They also eliminate
the need for an external power cable in some devices.

[0008] An IEEE 1394 bus is capable of transmitting large
amounts of data very rapidly. The IEEE 1394 standard
supports data rates of 100, 200, and 400 Mb/s. Depending on
the capabilities of connected devices, one pair of devices can
be communicating at 100 Mb/s, while another pair on the
same bus exchanges data at 400 Mb/s. Additional data rates
of 800 and 1600 Mb/s are proposed as extensions to the
IEEE 1394 standard.

[0009] The IEEE 1394 protocol makes provision for two
data-transfer modes, asynchronous and isochronous. Both
handle data packets of varying length. In asynchronous
mode, the packets are sent to explicit addresses and
acknowledgments are returned. The asynchronous mode
works well for traffic that does not require high data rates or
precise timing, e.g., some control signals.

[0010] The isochronous mode broadcasts variable-length
packets to all parts of the bus at regular intervals without
acknowledgment. Isochronous operation is divided into time
segments called isochronous cycles. An isochronous cycle
begins when a bus Cycle Master (any isochronous-capable
node, automatically selected during bus initialization) arbi-
trates for the bus and transmits a special asynchronous data
packet, called a Cycle Start packet. Within this packet is the
value of the Cycle Master’s clock counter. All devices on the
bus receive this value, and update their own local bus clock
counter value in response thereto, guaranteeing that the bus
operates to a common time reference.

[0011] An IEEE 1394 bus interface is implemented by
way of a conceptual bus framework having three layers, a
physical layer, a link layer, and an application layer. The
physical layer provides low-level access to the 1394 bus.
IEEE 1394 devices may have one, two, or three connectors,
each connected to a single physical layer chip. Cable power
is typically extracted from the bus and used to power the
physical layer chip, thereby maintaining the integrity of the
bus while a 1394 connected device is turned off. The
physical layer exchanges raw data and system clock signals
with a link layer controller chip. The link layer is responsible
for properly formatting isochronous and asynchronous data
packets for transmission, and buffering incoming packets for
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processing by the application layer. Typical link layer con-
troller chips provide host interfaces compatible with com-
mon microprocessors, PCI busses, and synchronous serial
busses. The application layer formats packets for specific
data transmission applications. Typically, a DSP or a RISC
processor is employed as a host processor to the link chip.
In addition, an IEEE 1394 bus includes a bus management
system, which operates at all the serial bus layers in each
device and performs some general control and housekeeping
functions.

SUMMARY OF THE INVETION

[0012] The present invention provides a system and
method for establishing a synchronized time frame for
stimulator, amplifier, and monitor devices in a medical
monitoring system. In particular, the present invention pro-
vides a system and method for synchronizing the time frame
of the delivery of a stimulus signal to a subject with the time
frame of response signals received from the subject via an
amplifier device and provided to a monitor device for
analysis and display. By synchronizing the time frames of
the stimulus and response signals, an accurate determination
of the relationship between stimulus and response of the
subject may be obtained, thereby improving a medical
monitoring system’s analysis and display capability.

[0013] A medical monitoring system incorporating time
frame synchronization in accordance with the present inven-
tion may include a stimulator device for providing stimulus
signals to a subject, an amplifier device for receiving and
amplifying response signals from the subject, and a monitor
device for analyzing and displaying response data received
from the amplifier device. The stimulator, amplifier, and
monitor devices may be implemented as independent modu-
lar devices, wherein each such device is controlled by its
own device controller, having its own independent device
clock. (The amplifier and monitor devices may be combined
in a single device.) The independent stimulator, amplifier
and monitor devices of the medical monitoring system are
connected together via a bus, such as an IEEE 1394 serial
bus, which provides a periodic master bus cycle clock signal
across the bus to guarantee that the bus operates to a
common time reference. In accordance with the present
invention, the master bus cycle clock signal provided across
the bus is employed to provide a synchronized time frame
reference for the stimulator, amplifier, and monitor devices.
Multiple stimulator devices, providing various types of
stimulation, amplifier devices, for receiving and amplifying
various response signals, and monitor devices, for analyzing
and displaying the response signals, may be connected
together and time frame synchronized in this manner.

[0014] A stimulator device employed in a medical moni-
toring system in accordance with the present invention may
include a stimulation controller, a stimulus generator, and a
stimulus synchronization circuit, along with a bus interface
circuit. The stimulator device is connected to a monitor
device and an amplifier device via the bus interface. The
stimulation controller provides a stimulation trigger pulse
signal to the stimulus generator when a stimulus signal is to
be provided to the subject. The stimulus signal may be an
audible, visual, or electrical stimulus signal provided to the
subject from the stimulus generator, via, e.g., electrodes
placed on the subject. The response of the subject to the
stimulus is received and amplified by the amplifier device.
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For example, electrodes may be placed on the subject to pick
up EEG or EMG signals, which are received and amplified
by the amplifier device. The amplified response signals are
provided to the monitor device for analysis and display via
the bus interface.

[0015] In accordance with the present invention, the
stimulation trigger pulse signal provided by the stimulation
controller to the stimulus generator is also provided to the
stimulus synchronization circuit. The stimulus synchroniza-
tion circuit generates a time frame synchronized stimulation
trigger signal indicating the time when the stimulus signal is
provided to the subject in a time frame which is synchro-
nized with the amplifier and monitor devices. The time
frame synchronized stimulation trigger signal is time frame
synchronized using the master bus cycle clock signal pro-
vided by the bus connecting the stimulator, amplifier, and
monitor devices together. The time frame synchronized
stimulations trigger signal may be provided as a message via
the bus interface to other devices on the bus for time frame
synchronization of other signals (e.g., response signals) with
the stimulus signal.

[0016] The stimulus synchronization circuit may include a
phase lock loop (PLL) circuit which generates a local
stimulus synchronization circuit clock signal that is phase
locked to the master bus cycle clock signal provided by the
bus connecting the stimulator device to the other system
devices. The PLL may include, for example, a phase detec-
tor, wherein the, e.g., 8 kHz master bus cycle clock signal,
from an IEEE 1394 bus, is compared to a local 8 kHz
stimulus synchronization circuit clock signal to determine
the phase difference therebetween. The output of the phase
detection circuit is related to the phase difference between
the master bus cycle clock and local clock signals. This
signal is filtered, e.g., using a low pass loop filter, and
provided to an oscillator, such as a voltage controlled crystal
oscillator, which generates a local stimulus synchronization
circuit clock signal which is thus driven by the PLL to be
synchronized with the master bus cycle clock signal.

[0017] The stimulus synchronization circuit preferably
generates a time frame synchronized stimulation trigger
signal which indicates a point in time during a bus cycle, i.e.,
between master bus cycle clock signals, when the stimula-
tion pulse trigger signal is provided from the stimulation
controller to the stimulus generator to generate a stimulation
signal which is provided to the subject. Since the master bus
cycle clock is synchronized throughout the system, i.e., in
the stimulator, amplifier, and monitor devices, such a signal
provided by the stimulus synchronization circuit may be
time frame synchronized with the other signals in the
system, such as the physiological response signals received
by the amplifier device, and may thus be used to provide
accurate analysis and display of the relationship between the
stimulus and response signals.

[0018] The time frame synchronized stimulation trigger
signal may be derived by dividing the bus cycle into several
equal segments. For example, the 125 microsecond cycle
length of the IEEE 1394 bus may be divided, e.g., into
twelve segments. The stimulation pulse trigger signal pro-
vided by the stimulation controller to the stimulus generator
is employed by the stimulus synchronization circuit to
generate the time frame synchronized stimulation trigger
signal which indicates during which segment of the bus
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cycle the stimulation trigger signal was provided and, there-
fore, the time, in a synchronized time frame, when the
stimulus was provided to the subject. This may be accom-
plished, for example, by dividing the local stimulus syn-
chronization circuit clock signal, which is phase locked to
the master bus cycle clock signal by the PLL, into various
local clock signals having various frequencies. Selected
ones of the various local clock signals are provided as inputs
to a multi-bit register. The local clock signals are selected to
form a varying multi-bit signal on the multi-bit register
inputs which divides the master bus cycle into a plurality of
equal segments. The stimulation pulse trigger signal from
the stimulation controller is provided as a clock signal to the
register, to latch into the register the state of the various local
clock signals at the time the stimulation pulse trigger signal
is provided to the stimulus generator. Thus, the output of the
multi-bit register will be a multi-bit signal corresponding to
the segment of the bus cycle during which the stimulus
signal was applied. For example, for an IEEE 1394 bus,
having a cycle frequency of 8 kHz, local stimulus synchro-
nization circuit clock signals of 48 kHz, 24 kHz, and two
signals with a frequency of 8 kHz and a duty cycle of
one-third and wherein the active portion of the duty cycle is
positioned in the center and at the end of the bus cycle,
respectively, may be provided to the inputs of a four-bit
register. This effectively divides the 8 kHz bus cycle into
twelve equal segments. The stimulation pulse trigger signal
from the stimulation controller is provided to the clock input
of the multi-bit register. When the stimulation pulse trigger
signal is provided, the states of the four local clock signals
are latched into the register. The output of the register is thus
a four-bit signal corresponding to the segment during the bus
cycle at which the stimulation pulse trigger signal was
provided. This time frame synchronized stimulation pulse
trigger signal may be provided to the stimulator bus inter-
face during the next bus cycle, to thereby provide the signal
in a message to the other devices in the medical monitoring
system. Since the time frame synchronized stimulation pulse
trigger signal is synchronized with the master bus cycle
clock signal, which is available to all devices on the bus, the
stimulation pulse trigger signal may be time frame synchro-
nized with other signals, including detected physiological
response signals, in the medical monitoring system, for
analysis and display.

[0019] Further objects, features, and advantages of the
invention will be apparent from the following detailed
description when taken in conjunction with the accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 is a schematic block diagram of an exem-
plary medical monitoring system employing stimulus and
response time frame synchronization in accordance with the
present invention.

[0021] FIG. 2 is a schematic block diagram of an exem-
plary stimulator time frame synchronization circuit in accor-
dance with the present invention.

[0022] FIG. 3 is a schematic circuit diagram of an exem-
plary phase detector and clock divider employed in a stimu-
lator time frame synchronization circuit in accordance with
the present invention.

[0023] FIG. 4 is a schematic circuit diagram of an exem-
plary loop filter and voltage controlled crystal oscillator
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circuit employed in a stimulator time frame synchronization
circuit in accordance with the present invention.

[0024] FIG. 5 is a schematic circuit diagram of an exem-
plary circuit for generating a time frame synchronized
stimulation trigger signal indicating a segment of a bus cycle
during which a stimulation pulse trigger signal is provided
in accordance with the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0025] The present invention provides a system and
method for providing time frame synchronization between
stimulus and response signals provided, detected, analyzed
and/or displayed by a medical monitoring system. An exem-
plary generic medical monitoring system 10 incorporating
the present invention is illustrated in, and will be described
with reference to, FIG. 1. The medical monitoring system
10 includes a stimulator device 12, for providing stimulus
signals to a subject 14, an amplifier device 16, for receiving
and amplifying physiological signals generated by the sub-
ject 14 in response to the stimulus, and a monitor device 18,
for analyzing and displaying the stimulus and response
signals and the relationship therebetween. The present
invention is applicable to various medical monitoring sys-
tems 10 including standard stimulator 12, amplifier 16, and
monitor 18 devices for providing various types of stimula-
tion to a subject 14, and for receiving, analyzing, and
displaying various types of physiological responses of the
subject 14 thereto. For example, the stimulator device 12
may provide audible, visual, and/or electrical stimulation to
the subject 14. An electrical stimulus signal may be provided
to the subject 14 from the stimulator 12 via, e.g., electrodes
placed at desired positions on the subject 14. The amplifier
device 16 may be designed to receive and amplify various
physiological signals received from the subject 14. For
example, the amplifier 16 may be connected by electrodes to
the subject 14 to receive EEG or EMG signals produced by
the subject 14 in response to the stimulus provided by the
stimulator device 12. The monitor device 18 may include
various features for displaying and analyzing the response
signals provided by the amplifier device 16. The monitor
device 18 may include a display device, e.g., a CRT, and
various user interface devices, e.g., a keyboard, mouse, etc.
The monitor device 18 is preferably microprocessor con-
trolled, and may be implemented as a computer system
programmed for the display, manipulation, and analysis of
the response signals provided by the amplifier device 16. In
particular, the monitor device 18 may be programmed to
display and analyze the relationship between the stimulus
signals provided by the stimulator device 12 and response
signals received by the amplifier device 16. In order to
provide an accurate analysis, the time frames in which the
stimulus signals are provided by the stimulator device 12
and in which the response signals are received by the
amplifier device 16 must be synchronized. The present
invention provides a mechanism for such time frame syn-
chronization.

[0026] Each of the stimulator 12, amplifier 16, and moni-
tor 18 devices may be implemented as an independent
device, each of which is controlled by its own system
controller, ¢.g., a microprocessor, and each having its own
device clock. (Alternatively, two or more of the devices 12,
16, or 18 may be combined into a single unit. For example,
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the amplifier device 16 and monitor device 18 may be
combined into a single device for receiving, analyzing, and
displaying physiological response signals.) The stimulator
12, amplifier 16, and monitor 18 devices may be located
remotely from each other, e.g., in different parts of a room
or building, or even more remotely.

[0027] In accordance with the present invention, the
stimulator 12, amplifier 16, and monitor 18 devices are
connected together via a bus which provides a periodic
master bus cycle clock signal to each device on the bus to
guarantee that the bus operates to a common time reference.
For example, the devices 12, 16, and 18 in the medical
monitoring system 10 may be connected by an IEEE 1394
bus. Each device 12, 16, and 18 in the medical monitoring
system 10 will, therefore, include a bus interface circuit 22,
24, and 26, respectively. The devices 12, 16, and 18 are
connected together by bus cables 28 which are connected
between the bus interface circuits 22, 24, and 26. As
discussed previously, in an IEEE 1394 bus, the bus cables 28
may connect the devices 12, 16, and 18 together in any
topology, provided that the devices are not connected
together in such a way as to form a closed loop. As also
discussed previously, each bus interface circuit 22, 24, and
26 in the IEEE 1394 topology includes three conceptual
layers, a physical layer, a link layer, and an application layer.
The physical layer provides low-level access to the 1394
bus. The link layer is responsible for properly formatting
data packets for transmission, and for buffering incoming
packets for processing by the application layer. The appli-
cation layer formats packets of data for specific applications.
The application layer may be implemented in the micropro-
cessor or other controller which controls operation of the
stimulator 12, amplifier 16, or monitor 18 device. Establish-
ing an IEEE 1394 bus link between stimulator 12, amplifier
16, and monitor 18 devices in a medical monitoring system
10 will be known to those skilled in the art, with reference
to the available reference literature on the subject.

[0028] In operation, the medical monitoring system 10
provides a stimulus signal from the stimulator device 12 to
the subject 14. The stimulus protocol, i.e., the intensity,
duration, and pattern of stimulation, may be established by
a user of the system 10 via the monitoring device 18, which
protocol is then provided to the stimulator device 12 over the
bus connecting the monitor device 18 to the stimulator
device 12, or, alternatively, by a user interface provided
directly on the stimulator device 12. Physiological response
signals produced by the subject 14 in response to the
stimulus signal are detected and amplified by the amplifier
device 16. The amplified response signals are provided from
the amplifier device 16 to the monitor device 18 over the
bus. The response signals are displayed and analyzed in the
monitor device 18. In order to provide an accurate analysis
of the relationship between the stimulus and response sig-
nals, the time delay between the application of the stimulus
signal and the detection of response signals must be deter-
mined accurately. Since each of the stimulator 12, amplifier
16, and monitor 18 devices operate off of their own inde-
pendent device clock, accurate time frame synchronization
cannot be achieved by reference to any one device’s clock
alone. In accordance with the present invention, the master
bus cycle clock, which is provided by the bus to each of the
devices, 12, 16, and 18, in the medical monitoring system
10, is employed to achieve time frame synchronization of
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the stimulus signals provided by the stimulator device 12
and the response signals received by the amplifier device 16.

[0029] The stimulator device 12 is controlled by a stimu-
lation controller 30. The stimulation controller 30 may be
implemented in a conventional manner, such as using a
microprocessor or other programmable control device. The
stimulation controller 30 will operate off of its own stimu-
lator device clock, which is independent from the device
clocks in, e.g., the amplifier 16 and monitor 18 devices.
When it is desired to provide a stimulus signal to the subject
14, the stimulation controller 30 generates a stimulation
pulse trigger signal on a line 32, which is provided to a
stimulus generator 34. The stimulus generator 34 operates in
a conventional manner to generate a visual, audible, or
electrical stimulus signal, which is provided to the subject 14
in response to the stimulation pulse trigger signal. The
stimulation controller 30 may provide the stimulation pulse
trigger signal in response to programmed instructions pro-
vided by a user via the monitoring device 18, which instruc-
tions are provided from the monitoring device 18 to the
stimulation controller 30 via the bus interface 22, or more
directly via a user interface provided on the stimulator
device 12.

[0030] In order to ensure accurate analysis and display of
the relationship between the stimulus signals provided to the
subject 14 and the response signals received therefrom, the
stimulation pulse trigger signal provided from the stimula-
tion controller 30 to the stimulus generator 34 is time frame
synchronized to the master bus cycle by a stimulus synchro-
nization circuit 36. The stimulus synchronization circuit 36
receives the master bus cycle clock signal from the bus
interface 22 and includes means for generating a local
stimulus synchronization circuit clock signal which is syn-
chronized to the bus cycle clock. Since the stimulus syn-
chronization circuit clock is synchronized with the bus cycle
clock signal, which is provided to each of the other devices
16 and 18 on the bus, the stimulus synchronization circuit 36
is able to place the stimulation pulse trigger signal in a time
frame which is shared by each of the other devices 16 and
18 on the bus.

[0031] In an IEEE 1394 bus, for example, a Cycle Start
packet, including the value of the master bus clock counter,
is distributed to each bus interface 22, 24, and 26 every bus
cycle. The stimulus synchronization circuit 36 may provide
a multi-bit output signal which indicates a segment during a
bus cycle in which the stimulation pulse trigger signal is
applied to the stimulus generator 34. This time frame
synchronized stimulation trigger signal may be provided to
the bus interface 22 of the stimulator device 12 for distri-
bution as a message to the other devices 16 and 18 on the bus
during the next isochronous bus cycle. Based on the time
frame synchronized stimulation trigger signal, and universal
knowledge of the master bus clock counter value, the
monitor device 18 may be programmed to calculate the
exact time relationship between the stimulus signal provided
to the subject 14 by the stimulator device 12 and the
response signals received by the amplifier device 16 for
display and analysis.

[0032] An exemplary stimulus synchronization circuit 36
which may be employed in a stimulator device 12 in a
medical monitoring system 10 providing stimulus and
response time frame synchronization in accordance with the
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present invention is illustrated in, and will be described with
reference to, FIG. 2. The exemplary stimulus synchroniza-
tion circuit 36 is divided into essentially two functional
units, a phase lock loop (PLL) circuit 40 and a circuit 42 for
generating a multi-bit time frame synchronized stimulation
trigger signal indicating a segment during a bus cycle when
a stimulation pulse trigger signal is provided from the
stimulation controller 30 to the stimulus generator 34.

[0033] The PLL circuit 40 is employed to generate a local
stimulus synchronization circuit clock signal which is syn-
chronized with the master bus cycle clock. The PLL circuit
40 preferably includes a phase detector circuit 44, a low-pass
loop filter 46, an oscillator circuit 48, and a clock divider
circuit 50. The phase detector 44 receives the master bus
cycle clock signal on a line 52 from the bus interface 22 and
a local stimulus synchronization circuit clock signal from
the clock divider 50 on a line 54. For example, in an IEEE
1394 bus, operation is divided into 125 microsecond cycles.
A cycle begins when one of the bus interface nodes, desig-
nated the bus Cycle Master (any isochronous-capable node,
automatically selected during bus initialization), arbitrates
for the bus and transmits a special asynchronous packet,
called a Cycle Start packet. Within this packet is the value
of the Cycle Master’s clock counter. All of the bus interface
circuits on the bus receive this value and update their own
local bus clock counter values, guaranteeing that the bus
operates to a common time reference. The 8 kHz master bus
cycle clock signal may be provided on the line 52 to the
phase detector 44. An 8 kHz local stimulus synchronization
circuit clock signal may be provided on the line 54 to the
phase detector 44. The phase detector 44 compares the
master bus cycle clock signal on line 52 with the local
stimulus synchronization circuit clock signal on line 54 to
provide an output signal on a line or lines 56 corresponding
to the phase difference between the two input signals.

[0034] The phase detector circuit 44 may be implemented
in a conventional manner. An exemplary phase detector
circuit 44 which may be employed in the present invention
is illustrated in FIG. 3. In the exemplary phase detector
circuit 44, each of the bus cycle and local clock signals is
provided on a line 52 or 54 to the clock input of a latch 62
or 64, respectively. The output of each latch 62 and 64 goes
high in response to a rising edge of the bus cycle or local
clock signal provided on lines 52 or 54, respectively. The
latch outputs are connected to a logic circuit 66 having two
output lines 68 and 70. The logic circuit 66 operates to
provide the same output signal (in this case, logic 1) on the
output lines 68 and 70 when the output signals provided by
the latches 62 and 64 are the same, and different signals on
the output lines 68 and 70 during the time between the
switching of one of the bus cycle or local clock signals and
the other of the bus cycle or local clock signals. For
example, when the bus cycle clock signal on line 52 leads
the local clock signal on line 54, a logic output O is provided
on line 68 and a logic output 1 is provided on line 70 starting
with the rising edge of the bus cycle clock signal on line 52
and terminating with the rising edge of the local clock signal
on line 54. Similarly, if the local clock signal on line 54 leads
the bus cycle clock signal on line 52, a logic 1 signal will be
provided on line 68 and a logic O provided on line 70 starting
at the rising edge of the local clock signal on line 54 and
terminating at the rising edge of the bus cycle clock signal
on line 52. Thus, the two-bit signal provided on output lines
68 and 70 of the phase detector circuit 44 indicates whether
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or not there is a phase difference between the bus cycle and
local clock signals, which clock signal is leading and which
clock signal is lagging, and the magnitude of the phase
difference (which is determined by the duration during
which the output signals on lines 68 and 70 are not equal).

[0035] The output of the phase detector circuit 44 is
provided to a loop filter circuit 46. The loop filter circuit 46
may be implemented in a conventional manner as a low-pass
filter which provides an output voltage signal corresponding
to the phase difference between the bus cycle and local clock
signals provided on lines 52 and 54.

[0036] A conventional low-pass filter topology may be
employed to implement the loop filter 46. An exemplary
low-pass loop filter circuit 46 which may be employed in a
system in accordance with the present invention is illustrated
in FIG. 4. The exemplary low-pass loop filter 46 includes a
differential amplifier 72. The output signals provided on
lines 68 and 70 from the phase detector circuit 44 are
provided to the differential input terminals of the amplifier
72. An integrating circuit 73, including a resistor and a
capacitor connected in series, is connected between the
output of the amplifier 72 and one of the differential inputs
of the amplifier 72. The output of the amplifier 72 and,
therefore, of the low-pass loop filter 46 is, therefore, a
voltage signal varying in magnitude in response to the phase
difference between the bus cycle and local stimulus syn-
chronization circuit clock signals provided on lines 52 and
54.

[0037] The output of the low-pass loop filter 46 is pro-
vided on a line 74 to an oscillator circuit 48. The oscillator
circuit 48 may be implemented in a conventional manner to
produce a high frequency local stimulus synchronization
circuit clock signal having a frequency which is adjustable
in response to a detected phase difference between the local
clock signal and the master bus cycle clock signal. For
example, the oscillator circuit 48 may be implemented as a
voltage controlled crystal oscillator integrated circuit 48, as
illustrated in FIG. 4. The exemplary voltage controlled
crystal oscillator 48 produces a high frequency clock signal
of, e.g., 12.88 MHz, which forms the high frequency local
stimulus synchronization circuit clock. The voltage con-
trolled crystal oscillator 48 is responsive to the signal
provided from the low-pass loop filter on line 74, to adjust
the output frequency of the oscillator 48. In this manner, the
local high frequency stimulus synchronization circuit clock
signal is synchronized to the bus cycle clock signal in a
conventional manner by the PLL 40.

[0038] The high frequency local stimulus synchronization
circuit clock signal provided by the oscillator circuit 48
cannot be phase compared directly to the lower frequency (8
kHz) bus cycle clock signal provided on line 52 to the phase
detector 44. Therefore, the high frequency local stimulus
synchronization circuit clock signal is provided from the
oscillator circuit 48 on a line 76 to the clock divider 50. In
the clock divider 50, the high frequency (e.g., 12.288 MHz)
local stimulus synchronization circuit clock signal is divided
to derive the local stimulus synchronization circuit 8 kHz
clock signal which is provided on line 54 to the phase
detector 44, to be phase compared to the 8 kHz bus cycle
clock signal from the IEEE 1394 bus interface 22. The clock
divider circuit 50 also preferably derives local stimulus
synchronization circuit clock signals at various other fre-
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quencies from the high frequency clock signal provided by
the oscillator circuit 48. The clock divider circuit 50 may be
implemented in a conventional manner to derive the various
desired local clock signals.

[0039] An exemplary clock divider circuit 50 which may
be employed in the present invention is illustrated in FIG.
3. The exemplary clock divider circuit 50 includes binary
counters 78 and 80 and a divide-by-three counter 82 con-
nected in series. The high frequency local clock signal
provided by the oscillator circuit 48 on line 76 is provided
as the clocking input signal to the binary counters 78 and 80.
Selected outputs of the counters 78, 80, and 82 provide the
desired local clock signals of various frequencies. All of the
various local clock signals thus derived are synchronized to
the local high frequency clock signal provided by the
oscillator circuit 48 which, in turn, is synchronized with the
bus cycle clock signal provided from the bus interface 22.
One of the lower frequency local clock signals provided by
the clock divider circuit 50 is the local stimulus synchroni-
zation circuit 8 kHz clock signal, which is provided on line
54 to the phase detector 44.

[0040] The PLL circuit 36 just described provides various
local stimulus synchronization circuit clock signals which
are synchronized to the master bus cycle clock signal
provided by the bus interface 22. It should be understood
that the present invention is not limited to the particular
exemplary PLL circuit illustrated and described herein.
Other conventional PLL circuits known and used in the art
may be employed to derive local stimulus synchronization
circuit clock signals of various frequencies which are syn-
chronized with the master bus cycle clock signal provided
thereto by the bus via the bus interface 22.

[0041] In accordance with the present invention, the
stimulus synchronization circuit 36 preferably provides a
time frame synchronized stimulation trigger signal which
indicates the time at which the stimulation pulse trigger
signal is provided from the stimulation controller 30 to the
stimulus generator 34, to provide a stimulus signal to the
subject 14, in a manner such that the stimulus signal may be
time frame synchronized with other signals in the medical
monitoring system 10, such as physiological response sig-
nals received by the amplifier device 16. The time frame
synchronized stimulation trigger signal provided by the
stimulus synchronization circuit 36 may preferably include
a multi-bit digital signal which indicates a segment of a bus
cycle during which the stimulation pulse trigger signal is
provided from the stimulation controller 30 to the stimulus
generator 34. For example, each 125 us IEEE 1394 bus cycle
may be divided into, e.g., 12 segments. (More or fewer
segments may be employed. Preferably, the number of
segments selected may be based on the bus cycle frequency
such that the “segment” frequency corresponds to the sam-
pling rate of physiological response signals by the system
10.) A four-bit digital signal may be generated by the
stimulus synchronization circuit 36 to indicate during which
of the 12 segments of the bus cycle the stimulation pulse
trigger signal is provided by the stimulation control 30 to the
stimulus generator 34. Since the Cycle Master’s clock
counter is provided each cycle to each device on the bus, the
time at which the stimulus signal is provided to the subject
14 from the stimulator device 12 may be derived from the
multi-bit time frame synchronized stimulation trigger signal,
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to thereby synchronize the stimulus signal with, e.g.,
response signals received by the amplifier device 16.

[0042] An exemplary circuit 42 for generating a multi-bit
time frame synchronized stimulation trigger signal which
indicates a segment of a bus cycle during which the stimu-
lation pulse trigger signal is provided from the stimulation
controller 30 to the stimulus generator 34 is illustrated in,
and will be described with reference to, FIG. 5. A four-bit
signal indicating the segment of a bus cycle during which the
stimulation pulse trigger signal is applied may be derived
using a conventional four-bit register 90. Local stimulus
synchronization circuit clock signals of, e.g., 48 kHz, 24
kHz, and two signals with a frequency of 8 kHz and a duty
cycle of one-third and wherein the active portion of the duty
cycle is positioned in the center and at the end of the bus
cycle, respectively, may be provided to the inputs of the
register 90. It may be seen that these four local clock signals
provide a four-bit signal on the inputs to the register 90
which divides the 8 kHz IEEE 1394 bus cycle into 12 equal
segments. The local clock signals provided to the register 90
are provided from the clock divider 50 in the PLL 40 of the
stimulus synchronization circuit 36. Thus, the local clock
signals provided to the register 90 are synchronized to the
bus cycle.

[0043] At the beginning of a bus cycle, or at the end of a
previous bus cycle, a signal is provided to the preset input
of the register 90, thereby setting the output of the register
90 to all is. During the bus cycle, the local clock signals
provided to the input terminals of the register 90 provide a
four-bit signal with a value increasing from O to 11, thereby
dividing the bus cycle into 12 equal segments. The stimu-
lation pulse trigger signal provided by the stimulation con-
troller 30 to the stimulus generator 34 is provided on the line
32 to the clock input of the register 90. Thus, when a
stimulation pulse trigger signal is provided from the stimu-
lation controller 30 to the stimulus generator 34 during a bus
cycle, a four-bit value between 0 and 11 is latched into the
register 90, and provided on the output thereof. This four-bit
time frame synchronized stimulation trigger indicates the
segment of the bus cycle during which the stimulation pulse
trigger signal was provided from the stimulation controller
30 to the stimulus generator 34. If no stimulation pulse
trigger signal is provided during a particular bus cycle, the
preset value on the register 90, i.e., all 1s, will be provided
on the output thereof at the end of the bus cycle.

[0044] At the end of the bus cycle, or at the very beginning
of the next bus cycle, a cycle-out signal is provided on a line
91, ¢.g., from the bus interface 22, to the clock input of a
four-bit buffer register 92. The inputs of the buffer register
92 are connected to the outputs of the four-bit register 90.
Thus, at the end of a bus cycle, the four-bit value indicating
whether a stimulation pulse trigger signal had been provided
during the previous bus cycle, and, if so, during which
segment of the bus cycle the stimulation pulse trigger signal
was provided, is latched into the buffer register 92. This
multi-bit signal is the multi-bit time frame synchronized
stimulation trigger signal. Since the value of the Cycle
Master’s clock counter is provided to each of the devices on
the IEEE 1394 bus, the four-bit signal provided by the
stimulus synchronization circuit 36 may be provided as a
message, in a conventional manner, to other devices on the
bus, such as the monitor device 18, via the bus interface 22,
and employed to derive the time that a stimulus pulse is
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provided from the stimulator 12 to the subject 14, in a time
frame synchronized with other signals, e.g., response signals
received by the amplifier device 16, in the medical moni-
toring system 10.

[0045] The cycle-out signal provided on the line 91 is also
provided to the preset input of the four-bit register 90. The
cycle-out signal is preferably provided to the register 90 via
a delay circuit 93, which may be formed of series connected
latches 94 and 96. The outputs of the four-bit register 90 are
thus preset to all Is between bus cycles, with the delay circuit
93 ensuring that the four-bit output signal of the register 90
is preset only after the value of the signal from the previous
cycle has been latched into the buffer register 92 by the
cycle-out signal provided on line 91.

[0046] It should be understood that the present invention
may be employed to provide time frame synchronization of
various signals employed in various different types of sys-
tems, including medical monitoring systems employing
various stimulation, amplifier, and monitor devices, and
configurations therefor. Thus, the present invention is not
limited to the medical monitoring system 10 illustrated and
described by example herein. The present invention may be
employed in a medical monitoring system including one or
more stimulators for providing visual, auditory, and/or elec-
trical stimulation to a subject, and including one or more
amplifier devices for receiving, e.g., EEG, EMG, or other
response signals from the subject. Furthermore, the method
and apparatus described above for providing time frame
synchronization of signals in a medical monitoring system,
by providing a multi-bit digital signal indicating the segment
of a bus cycle during which a signal occurs, may be applied
to signals other than stimulation trigger signals in a medical
monitoring system. For example, time frame synchronized
response signals may be generated by indicating points in
time during a bus cycle wherein specific response signals are
received by an amplifier device from a subject. Furthermore,
it should be understood that the present invention is not
limited to a medical monitoring system having devices
connected together by an IEEE 1394 bus, but may be applied
to medical monitoring and other systems employing other
bus topologies and protocols which provide a periodic bus
cycle clock signal guaranteeing that the bus operates to a
common time reference.

[0047] 1t is understood that the present invention is not,
therefore, limited to the particular embodiments, examples,
and applications illustrated and described herein, but
embraces all such modified forms thereof as come within the
scope of the following claims.

What is claimed is:
1. A medical monitoring system, comprising:

(2) a stimulator for providing a stimulation signal to a
subject;

(b) an amplifier device for receiving a response signal
from the subject;

(c) a bus connecting the stimulator and the amplifier
device together and providing a periodic bus cycle
clock signal to the stimulator and amplifier device; and

(d) time frame synchronization means for employing the
periodic bus cycle clock signal to provide time frame
synchronization of the stimulation signal with the
response signal.
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2. The medical monitoring system of claim 1 wherein the
stimulator is selected from the group of stimulators consist-
ing of visual stimulators, auditory stimulators, and electrical
stimulators.

3. The medical monitoring system of claim 1 wherein the
amplifier device is selected from the group of amplifier
devices consisting of EEG amplifiers and EMG amplifiers.

4. The medical monitoring system of claim 1 wherein the
bus is an IEEE 1394 serial bus and the periodic bus cycle
clock signal is a Cycle Start packet.

5. The medical monitoring system of claim 1 wherein the
time frame synchronization mean includes a stimulus syn-
chronization circuit for generating a time frame synchro-
nized stimulation pulse trigger signal indicating a segment
of a bus cycle during which the stimulation signal is pro-
vided to the subject.

6. The medical monitoring system of claim 5 wherein the
stimulus synchronization circuit includes a phase lock loop
circuit for generating a local stimulus synchronization cir-
cuit clock signal synchronized with the periodic bus cycle
clock signal.

7. The medical monitoring system of claim 6 wherein the
stimulus synchronization circuit includes a clock divider for
deriving a plurality of local clock signals of various fre-
quencies from the local stimulus synchronization circuit
clock signal.

8. The medical monitoring system of claim 7 wherein the
stimulus synchronization circuit includes a multi-bit latch
having inputs and outputs and wherein selected ones of the
plurality of local clock signals are provided to the inputs of
the multi-bit latch to provide a varying multi-bit signal
dividing the bus cycle into a plurality of segments, and
wherein the varying multi-bit signal on the inputs of the
multi-bit latch is latched onto the outputs of the multi-bit
latch when the stimulation signal is provided to the subject
to provide the time frame synchronized stimulation pulse
trigger signal.

9. The medical monitoring system of claim 1 comprising
additionally a monitor device for analyzing a relationship
between the stimulation signal and the response signal and
connected to the stimulator and the amplifier device via the
bus.

10. The medical monitoring system of claim 9 wherein the
monitor device and the amplifier device are combined into
a single device.

11. A time frame synchronization circuit for providing
time frame synchronization of a first signal with a periodic
bus cycle clock signal, comprising:

(a) a phase lock loop circuit for generating a local
stimulus synchronization circuit clock signal synchro-
nized with the periodic bus cycle clock signal; and

(b) means for generating a multi-bit time frame synchro-
nized signal indicating a segment of a bus cycle during
which the first signal occurs from the first signal and the
local stimulus synchronization circuit clock signal.

12. The time frame synchronization circuit of claim 11
comprising additionally a clock divider for deriving a plu-
rality of local clock signals of various frequencies from the
local stimulus synchronization circuit clock signal.

13. The time frame synchronization circuit of claim 12
wherein the means for generating a multi-bit time frame
synchronized signal includes a multi-bit latch having inputs
and outputs and wherein selected ones of the plurality of
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local clock signals are provided to the inputs of the multi-bit
latch to provide a varying multi-bit signal dividing the bus
cycle into a plurality of segments, and wherein the first
signal is provided to the latch to latch the varying multi-bit
signal on the inputs of the multi-bit latch onto the outputs of
the multi-bit latch to provide the multi-bit time frame
synchronized signal.

14. The time frame synchronization circuit of claim 11
wherein the first signal is a stimulation pulse trigger signal
provided by a stimulator in a medical monitoring system.

15. The time frame synchronization circuit of claim 11
wherein the periodic bus cycle clock signal is a Cycle Start
packet signal in an IEEE 1394 bus.

16. A method of providing time frame synchronization of
medical monitoring system signals, comprising the steps of:

(2) providing a stimulation signal to a subject;
(b) receiving a response signal from the subject;
(c) providing a periodic bus cycle clock signal; and

(d) employing the periodic bus cycle clock signal to
provide time frame synchronization of the stimulation
signal with the response signal.

17. The method of claim 16 wherein the step of providing
a stimulation signal is selected from the group of steps of
providing a stimulation signal consisting of providing a
visual stimulation signal, providing an auditory stimulation
signal, and providing an electrical stimulation signal.

18. The method of claim 16 wherein the step of receiving
a response signal is selected from the group of steps of
receiving a response signal consisting of receiving an EEG
signal and receiving an EMG signal.

19. The method of claim 16 wherein the step of providing
the periodic bus cycle clock signal includes the step of
providing an IEEE 1394 serial bus Cycle Start packet.

20. The method of claim 16 wherein the step of employing
the periodic bus cycle clock signal to provide time frame
synchronization of the stimulation signal with the response
signal includes the step of generating a time frame synchro-
nized stimulation pulse trigger signal indicating a segment
of a bus cycle during which the stimulation signal is pro-
vided to the subject.

21. The method of claim 20 wherein the step of generating
a time frame synchronized stimulation pulse trigger signal
includes the step of generating a local stimulus synchroni-
zation clock signal synchronized with the periodic bus cycle
clock signal.

22. The method of claim 21 wherein the step of generating
a time frame synchronized stimulation pulse trigger signal
includes the further step of deriving a plurality of local clock
signals of various frequencies from the local stimulus syn-
chronization clock signal.

23. The method of claim 22 wherein the step of generating
a time frame synchronized stimulation pulse trigger signal
includes the further steps of providing selected ones of the
plurality of local clock signals to inputs of a multi-bit latch
to provide a varying multi-bit signal which divides the bus
cycle into a plurality of segments, and latching the varying
multi-bit signal on the inputs of the multi-bit latch onto the
outputs of the multi-bit latch when the stimulation signal is
provided to the subject to provide the time frame synchro-
nized stimulation pulse trigger signal.



US 2002/0055687 Al

24. The method of claim 16 comprising additionally the
step of analyzing a relationship between the stimulation
signal and the response signal.

25. A method of providing time frame synchronization of
a first signal with a periodic bus cycle clock signal, com-
prising the steps of:

(a) generating a local stimulus synchronization clock
signal synchronized with the periodic bus cycle clock
signal; and

(b) generating a multi-bit time frame synchronized signal
indicating a segment of a bus cycle during which the
first signal occurs from the first signal and the local
stimulus synchronization circuit clock signal.

26. The method of claim 25 wherein the step of generating

a multi-bit time frame synchronized signal includes the step
of deriving a plurality of local clock signals of various
frequencies from the local stimulus synchronization clock
signal.

27. The method of claim 26 wherein the step of generating

a multi-bit time frame synchronized signal includes the
further steps of providing selected ones of the plurality of
local clock signals to inputs of a multi-bit latch to provide a
varying multi-bit signal which divides the bus cycle into a
plurality of segments at the inputs of the multi-bit latch, and
providing the first signal to the latch to latch the varying
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multi-bit signal on the inputs of the multi-bit latch onto the
outputs of the multi-bit latch to provide the multi-bit time
frame synchronized signal.

28. The method of claim 25 wherein the first signal is a
stimulation pulse trigger signal provided by a stimulator in
a medical monitoring system.

29. The method of claim 25 wherein the periodic bus
cycle clock signal is a Cycle Start packet signal in an IEEE
1394 bus.

30. A method of providing time frame synchronization in
a medical monitoring system including a stimulator device
and at least one other device in the system, comprising the
steps of:

(2) providing a stimulation signal from the stimulator
device;

(b) generating a time frame synchronized signal in the
stimulator device indicating when the stimulation sig-
nal is provided from the stimulator device in a time
frame synchronized with the other device in the system,;
and

(¢) providing the time frame synchronized signal in a
message from the stimulator device to the other device
in the system.
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