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Direct Measurement of Transistor Noise
Voltage, Noise Gurrent and Noise Figure
New analyzer measures noise in FET's and bipolar transistors from 10 Hz to 1 MHz.
Rapid and easy operation makes it suitable for both lab and production testing.

By Haruo ltoh and Knud L. Knudsen

Tnl,Nstsron NoISE IERFoRMaNCEI is an important meas-

ure of transistor quality, and it determines the ability of

the transistor to perform properly in critical applications.

The internal noise sources in a linear twoport can be rep-

resented by two external noise sources connected to the

input terminals-a voltage source e,, and a current source

i,,.' From a small signal model which contains the inter-
nal noise sources, e,, and i,, can be calculated. However,
for bipolar and field-eftect transistors, not all internal

sources can be readily determined from measurement of
device parameters (see page 8). The excess noise, which
increases with decreasing frequency, is difficult to pre-

dict. For bipolar transistors at low and intermediate

emitter currents, the excess noise contributes primarily

to i" and increases with bias current. For FETs, it con-

tributes mainly to e,,. For most practical source imped-

ances, the i" of FETs is insignificant.

In audio applications for example, excess noise can be
annoying, and for measurement of slowly varying signals,
it often becomes the dominant noise which sets the ulti-
mate limit for the measurement accuracv. Variations in

In evaluating the noise performance of a transistor the tra-
dit ional approach is to use the noise f igure value. Noise
figure, however, gives only a value at a part icular source
impedance (see page 11) .  l t  i s  no t  poss ib le  to  ca lcu la te
either voltage noise or current noise from a noise f igure
value alone, nor is i t  possible to calculate NF at one source
impedance from a given NF at a dif ferent source impedance.

the manufacturing process cause l/f noise to vary among
transistors, so for critical applications it becomes neces-
sary to select low noise transistors. Often the selection
becomes a matter of trying a transistor in a circuit, or
predicting its noise performance by lengthy lab meas-
urements and calculations. Now a rapid method of direct
measurement of voltage noise, current noise and noise
figure has been developed.

In a departure from traditional approaches, a new
Hewlett-Packard instrument, the HP Model 4470A
Transistor Noise Analyzer, measures the noise charac-
teristics of bipolar and field effect transistors completely
and accurately. (Previous techniques have relied on
measurements of noise voltage and noise figure only.)

The new instrument, Fig. 1, measures directly en,
i,,, and noise figure (NF) for bipolar transistors and
e,, and NF for field effect transistors. Measurements are
made at 4 Hz bandwidth at 11 spot frequencies between
10 Hz and 1 MHz. Three separate design achievements,
each of some significance, that enable the Model 4470A
to meet its measurement objectives are (1) an input cir-
cuit with low leakage and low stray capacitance for
accurate measurement of all three noise parameters; (2)

a phase lock and pilot signal detection technique that
accurately controls overall system gain at the specific
spot frequency of interest; and (3) a mixer circuit with
bandpass filters to scparate out the noise signal of intcr-
est at frequencies very close to the pilot frequency.
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Fig. 1. fhls new HP Model 4470A Transistor Noise Analyzer gives both noise voltage and
noise cutrent, resulting in a complete and accurate description of device noise perform-

ance. Approptiate metet scale units and multipliers are illuminated.



Fig. 2. In the Model 4470A, the input network provides the proper impedance tor the
measurcment desired. Selection of source tesistance tor noise tigure measurements is

possib/e trom 10 dl to 10 MQ internally or othet values externally.

As shown in the basic block diagram, Fig. 2, a pllot pends upon the value of source resistance selected. For

signal at a selected spot frequency is applied to the de- NF measurements, the selected value of source resistance

vice under test. The pilot signal is a reference so that is connected across the transistor input.

constant overall system gain can be maintained regard- In the actual measurement of transistor noise, the bias

less of the gain of the device under test. Biasing is con- and pilot signals are applied to the transistor under test

trolled automatically to provide the selected collector,/ while approximating the required short or open circuit

drain current and voltage values. Noise and pilot signal conditions.

are separated by the noise detection system, and gain

control is established by monitoring the level of the pilot

signal. After separation, the noise signal is converted to

dc and displayed on the front panel meter.

A transistor with all internal noise sources referred to

the input as a voltage generator, e,, and a current genera-

tor, i,, is shown in Fig. 3. For i,, measurement, the input

to the transistor should be open circuited, and for meas-

uring e,,, the transistor input should be shorted. NF de-

Cover: The Hewlett-Packard Model 4470A
Transistor Noise Analyzer measutes transistor
noise voltage, noise current and noise ligure
directly from 10 Hz to 1 MHz. lt is suited for
laboratory and production. See page 2.
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Fig. 3. A sinplified trcnsistot noise model consisting ot
voltage and current noise generatots at the input of an
' ideal' noise-frce trcnsistot.

Measuring i"

Fig. 4(a) represents the transistor noise model con-

nected to the pilot signal source and bias supply. Y" is

the source admittance. Y" : g" * j,C" and i,," is the

thermal noise current from g".

Fig. a(b) is the current equivalent of Fig. 4(a). i,,.' -



, lkTrfg.. Two conditions must bc mct krr accLrratc meas-

urcment  of  i , , :
( I )  i , , "  << . i , , t
(2)  lY" l "  € , '  11-  i , , ' '

In  the Modcl  41104.  thcsc concl i t ions arc mct  by c i r -

cu i t  dcs ign innovat io l rs  i r r  two a lcas Fi rs t .  thc p i lo t  s ig-

nal  is  appl ic-d to thc c lcv icc unclcr  tcst  through r r  verv

snral l  (0 . -5 p l ' )  input  cu1'xrc i tancc An intcgrator  bct rvccn

thc p i lo t  osc i l la t ( ) r  l rnc l  thc input  c i ipaci tuncc c()n)pcnsatcs
for  thc changc in rcuctuncc of  thc input  capaci tor  rv i t l r

c lnngcs in  l ' rcqLrcncy.  As a rcsul t .  p i lo t  s ignal  lcvel  a; l -
p l ic i l  to  the dcvice undcr  test  is  constaut  fo l  a l l  spot
1'rcq Lrc ncie s.

Sccondly, bias currcnt is suppJiecl to thc basc ol thc
dcvice undcr  test  through 20 d iodes in  ser ics wi th a 2 kt t
rcs is tor .  Then thc i ,  " '  o f  the b ias input  c i rcu i t  is  |  /20
t l rc  va luc of  thc thcorct ica l  nt in iurunt  va luc for  i , ;  r r f  thc
clevicc unclcr test.

Unusuirl nreasures wcrc taken in mcchanical design
and choicc of  propcr  nratcr ia ls  so that  t l te  input  c i rcu i t ry
I . tas vcrv snr l l l  lcakagc condLlctancc and verv low st ray
capi lcr tancc

Dcsign o l '  the input  arrc l  l r ias c i rcu i ts  assures that  the
two rcc lu i rcc l  condi t ions 1or  accuratc ntcasLtrcrnent  arc
met for  a l l  speci f iec l  va lues of  i , , .

I
Noisy Transistor

NOISE,FREE
TRANSISTOR

NOISE-FREE
IRANSISTOR

l n " Y s  e n

Fig. 4. Translstor noise model lor i  measurement (a). and
its current equivalent (b)

Measur ing e.

Fig. 5(a) shows thc transistor noise modcl connectccl
to thc p i lo t  s ignal  source and b ias supply for  e, ,  measurc-

mcnt .  Z-  is  thc source impcdance.  2. ,  -  1 ,1-1 una
c, , .  is  the thcrmal  noise vol tagc f rom r . .  

ju 'C

Fig.  5(b)  is  thc vol tagc cc lu iva lcnt  of  F ig.  5(a) ,  and
( , , , . r  :  4kTJfr .

Two conditions ntust be met for accuratc l lcasurc-
r l rent  of  e, , :

( l )  c , , " '  < . . .  e , :  (2)  Z, '  i , , '  . i -  {  € , ,2
' l -hese 

condi t ions are ntct  by supply ing thc p i lo t  s ignal
i rcross i i  I  ( i  input  rcs is tor  in  ser ics wi th 6000 1tE At
lO Hz,  thc worst  case.  the i rbsolute value of  Z"  is  lcss
than 2.9 (t. which amplv nieets the conclit ions for accu-
rate c,, mei.rsuremcnts.

For noisc figure (NF) measurelrents. the pilot siunal
ancl bias arc suppliccl to thc clevicc uucler test through
the sc lccted source res is tance.

Noisy Transistor

NOISE.FREE
TRANSISTOR

Z "  i n

NOISE.FREE
TRANSISTOR

Fig.  5.  Transistot  noise model  f  or  e measutement (a) .  and
i ts vol tage equivalent  (b) .

Keeping Gain Constant

Iransistor noise meusuremcnts includc the transistor
itself as an active amplifying clemcnt. Since the tran-
sistor's gain is unknown. an automatic gain control tech-
nique rs used to nornalizc overall system -qain to a fixed
value independent of thc transistor bcing tested.



AMruFIERS VARIABLE

'or l6ilt*o, ATTENUAToRS
From
DUT

Noise
Signal

,i+t?l- MrxER .o"f.i'lo'o* BAN,PASS /
AMPLIFIER DISPLAY

Rectified
Pilot

Signal

VOLTAGE
CONTROLLED DIVIDERS
OSCI LLATOR

Fig. 6. Nolse signal detection system uses a phase lock technique to maintain constant
gain regardless of fhe gain of the device undet test.

The Model 44701' uscs phase lock. Fig. 6, to maintain
constant overall system cain at whatcver spot frequency

transistor noise is bein-{ nreasured.
The output of the voltage-controlled oscil lator, which

operates at 4 times thc seiected pilot frequency, is fed to
a divider circuit. This in turn produccs four squarc rvaves
having the same frequcncy as the pilot. One of the square
waves is in phasc with thc pilot ancl another is 180o out

of phase with the pilot. These two square waves go to the

mixer input.

A third square wave lcads thc pilot by 90', and the
fourth lags the pilot by 90'. These two square waves go

to the phase detector. which dclivers an crror signal to

the voltage-controlled oscil lator if the twci squarc wavcs

are not cxactly 90o out of phasc with thc pilot

Thc two squarc wavcs fed to the n.rixer mix rvith thc

combined pilot and noise signal producing a dc signal
proportional to pilot signal amplitudc. This dc si_snal is

fed back to the variable attcnuators to maintain constant

system gain regardless of the gain of the dcvice under test.
The Model 4470A nlcasures noisc in two 4 Hz wide

bands centered 10 Hz abovc and below the pilot fre-
quency. The action of the mixer translates these two
narrow bands to a center frcqucncy of l0 Hz. Passing

the mixer output noise signal through a bandpass fi l tcr

with l0 Hz center frequency removes other noise fre-
quencies. and passcs to the display scction thc noise sig-
nal contained in the two bands above and bclow nilot
frequency.
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S P E C I F I C A T I O N S
HP Model 4470A

Transistor Noise AnalYzer
NOISE PARAMETERS MEASURED:

VOLTAGE NOISE: (e") reterred to the input of the transistor

under test, in bipolar and field-elfect transistors.

CURRENT NOISE: (i") reterred to input of transistor under tsst,

in  b ioo la r  t rans is to rs .
SPOT NOISE FTGURE:  (NF)  fo r  bo th  b ipo la r  and f ie ld -e f fec t

transistors.
AVAILABLE RANGES:

VOLTAGE NOISE: Full-scate values of 3 nV, 10 nV, 30 nV'

100 nV. 300 nV, 1000 nV and 3 pV at 1 Hz bandwidth are
prov ided.  Two meter  sca les  (0  to  3 ,  0  to  10) ,  and X l ,  X10 '

and X100 mul t io l ie rs  a re  used.
CUFRENT NOISE:  No ise  cur ren t  measurement  i s  a  tunc t ion  o f

collector/drain current and ranges from 100 fA to 3 nA.

SPOT NOISE FIGURE:  (NF)  O-40 dB;  mater  sca led  f rom -5

d B  t o  + 1 0  d B .
Ranges aro :  -5  dB to  +  10  dB

+ 5  d B  t o  + 2 0  d B
+  1 5  d B  l o  + 3 0  d B
+25 dB to  +40 dB

SPOT FREOUENCIES: 10 Hz, 30 Hz, 100 Hz, 300 Hz, 1 kHz,

3  kHz,  10  kHz,  30  kHz,  100 kHz,  300 kHz,  and 1  MHz.
NOtsE BANDWIDTH:  4  Hz,  equ iva len t  no ise  bandwid th .

COLLECTOR/DRAIN POWER SUPPLIES:
Collector/Drain currents of 1, 3, 10, 30, 100 pA, 0,3, 1, 3,

10, and 30 mA are provided; Vernier provides continuous

adjustment between these values; Current monitoring output
on rear panel. Collector/Orain Voltages of 0 to 15 Vdc, con-

tinuously variable at tront panel, monitored at rear-panel

Jack .  Both  supp l ies  a re  independent ly  cont ro l led ,  changes
in one supply wil l not affect lhe other. The current is con-
t ro l led  by  regu la t ion  o f  the  base/ga te  b ias .  Cur ren t  supp ly
seeks desired setting irrespective ot type of FET tested (i e.,
MOSFET,  e tc  ) .

ACCURACIES:
COLLECTOR/DRAI N VOLTAGES:

t37o a t  mon i to r  Jack ;  :L10% at  t ron t  pane l .

COLLECTOR/DRAI  N CURRENT:

t37o at monitor Jack; t3% at calibratsd front panol setl ing.
SPOT FREQUENCY:  +37o.

NOISE BANDWIDTH:  +37o.
ToTAL MEASUREMENT ACCURACY: Determined by abovo plus

accuracy of internal circuitry plus averaging of meter or
ana log  ou tpu t .  Be t te r  than t1  dB.

TRANSISTOR TYPES: Bipolar NPN and PNP, P-channel or N-
channel FET noise may be analyzed.

/3 -RANGE:  B ipo la r  Trans is lo rs  f rom 10 to  1000 are  measurab le .
SOURCE RESISTANCE:

INTERNAL: Values provided for use when measuring Nolss
F igure  are  10  O,  100 Q,  1  kQ,  10  kQ,100 kQ and I  MQ.  Other
values lrom 10 to 10 M may bo applied at EXT RES holder
on f ron t  pane l .

REMOTE PROGRAMMING: Seven front-panel functions may be
remotely controlled by external contact closure between pins
of rear-panel connectors, Programmable tunctions are FUNC-
TION,  FREQUENCY,  CURRENT,  VOLTAGE,  METER FANGE,
SOURCE RESISTANCE,  TRANSISTOR.  (P i lo t  s igna l  leve l ,  Co l -
lector/Drain current vernier are programmable by external re-
sistance-)

TRANSISTOR BIAS/SUPPLY OUPUTS: Available at three roar-
panel BNC connectors for monitoring purposss are: Colleclor/
Dra in  cur ren t ,  Co l lec to r /Dra in  Vo l tage Base/Gate  Vo l tage.

RECORDER OUPUT: Proportional to meter deflection, 0-1 Vdc,
1 kO output resistance. BNC Conneclor.

TRANSISTOR SOCKET CONFIGURATIONS:
Six modular sockets provided with different lead contigura-

t i  ons .
POWER REOUIRED:  1  15 /230 Vac,  t l lVo ,50  or  60  Hz,  60  W.
WEIGHT:32 lb  (14 ,5  ks) .
ACCESSORIES PROVIDED: Power cord, Extornal resistor holder.

(t itted with typical resistor), six modular sockets.
PRICE: $4450.00.
MANUFACTUnING DIVISION: YOKOGAWA-HEWLETT-PACKARD

LTD,
9-1 ,  Takakura-cho,  Hach io j i -sh i
Tokyo,  Japan
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Sources of Noise in Transistors
By Niladri R. Mantena

Tnr vrosr IMpoRTANT NoISE souRcss in semiconductors

are thermal noise, shot noise, generation-recombination

noise, and l/f noise. Thermal noise, also called Johnson

noise, is due to the random motion of charge carriers in

the semiconductor. It is present whether or not an elec-

tric field is applied. The noise spectrum is flat up to the

far-infrared frequencies. Its magnitude may be calculated

from thermodynamical considerations so that its result is

independent of the 'model' used in deriving the spectrum.

Shot noise, also known as Schottky noise, is caused by

spontaneous fluctuations in the free carrier densities. In

those semiconductor devices such as photoconductors

and field-effect transistors in which the current flow is

due to carrier drift, the local fluctuations in free carrier

density are a result of fluctuations in the generation rates,

recombination rates, trapping rates, etc., of the carriers.

In those semiconductor devices such as diodes and bi-

polar transistors in which the current flow is also due to

carrier diffusion, the fluctuations in free carrier density

are modified by fluctuations in the diffusion process.

In bulk-effect devices the name generation-recombina-

tion noise is more appropriate than shot noise, since the

carrier density fluctuations exist even if no electric field

is applied; applying a field is only the most convenient

way of detecting the fluctuations. Thus, the excess noise

in a junction-gate field effect transistor (JFET) is mainly

of the generation-recombination (g-r) type and is shown'

to result from Shockley-Read-Hall centers in the transi-

tion region of the gate junction.

Junction devices, such as diodes and transistors, oper-

ate on the principle of minority carrier injection and an

applied field is needed to produce or change the injection

level. The generation-recombination noise in this case

shows much closer resemblance to the field- or current-

dependent shot noise than in the bulk-device case. The

minority carriers in the base region of a bipolar transistor

or in the very-thin channel region of an insulated gate

field effect transistor (IGFET) are readily affected by the

slow trapping states at the surface of the device. The

modern planar transistors are all passivated by silicon

dioxide to reduce the surface effects. Detailed experi-
ments on silicon/silicon dioxide interfaces'? indicate that

there is a certain amount of surface charee located within

200 i of the oxide-silicon surface a,rJ that its magni-

tude is a function of the process used to grow the oxide.

The model postulated by McWhorter3 and used widely

in flicker noise calculationsa assumes that the surface

states act as traps and give rise to current carrier fluc-

tuations in the device. It is further assumed that the free

carriers at the oxide-silicon surface communicate with

the surface states within the oxide by tunneling through

the oxide barrier and that the tunneling mechanism pro-

vides a wide distribution of trapping times needed to give

l/f spectrum for the excess noise. Christensson et all

have shown that the largest contribution to l/f noise in

IGFETs comes from surface states near the quasi Fermi

level of current carriers in the channel and that the mag-

nitude of l/f noise is proportional to the surface-state den-

sity. The analysis for excess noise voltage in JFETs and

IGFETs are well covered in the literature by Sah' and

Christensson et al', respectively. The remarkable feature

of excess noise in FETs is its relative independence on

the operating conditions of the transistor in distinct con-

trast with excess noise in bipolar transistors. The low-

frequency (g-r type) excess noise in JFETs depends on

the bulk material properties, i.e., number and occupa-

tion of traps and the majority carrier life time and can be

reduced by careful design. The low-frequency (l/f type)

excess noise in IGFETs can be reduced by reducing the

surface state density. The mean square thermal noise volt-

age in FETs is inversely proportional to the transconduc-

tance and can be modified by changing the operating

drain current. Current noise in FETs is very small and

their noise figure decreases with increasing source resist-

ance in the frequency range where the device capac-

itances can be neglected.



Noise in Bipolar Transistors

The complete noise model of a bipolar transistor in-
cluding thermal and shot noise sources was proposed by
van der Ziel' and Nielseno. A complete description of
the model, excluding the excess noise sources, and the

magritude and variation with operating point of the noise
parameters were presented in graphic form by Swiontek

and Hassun'. A general l/f for flicker-noise model for

bipolar transistors and its justification based on experi-
ments were presented by Plumb and Chennettes. The

complete noise equivalent circuit including the flicker
noise sources and thc expressions for all noisc source

terms for an NPN transistor are shown in Fig. 1. Here

e,,r,2 is the mean square Johnson noise voltage in the base

spreading resistance r'n, i"o'is the shot noise in the emitter

current, i1,.': is the flicker noise due to the recombination
of minority carriers (electrons) at the base surface region.

The empirical expressions for i1,.' is derived from Fon-
ger's modele. Cr is an empirical constant that depends
on the energy level, density, and the capture cross-section

of the traps located at the base surface region. The flicker

current noise i1"3 of the collector junction is completely

correlated to the emitter junction noise and is negligible

by comparison. Thus, a low-frequency noise equivalent

circuit for the noise parameters, e,, and i,,, of a common-

emitter amplifier can be drawn as shown in Fig. 2. The

complete expressions for e,,, i,, and the noise figure of

Fig. 2. e., i" teptesentation tor common-emitter amplitier
tor low Iesuch that hr"r" )) t to,whete

".':sxrar\ 
+ 2T.B +rt: ti.",r.2 * 2i^,i^"y'or"6,

: 2  :  :

i"' : i^; + iJ + 267-* ; i^.' : i,,' * i'2 t i','.

i :2qBt ,+c,Ta,  ana
\  t  6 2

F : 1 + ii?E(i"'Rs+fr*t, e^i");y is the tactot ot
cross correlation between e" and i" and has values between
0 and 1 depending upon the operating conditions.

the amplifier with a source resistance fu are also given

there. The parametric dependence of e,,, i,, and noise
figure will be briefly discussed.

Noise Voltage e"

The noise voltage of a bipolar transistor for high cur-
rent gain (> 100) can be completely specified by r'u and
r" since the contributions of noise current sources i"1 and
ino can be neglected by comparison with the voltage

sources. A simplified expression for e,, may be written as:

e; - * fn f r i+? \
z /

It can be seen that e,,2 is just the Johnson noise in r',, at
high currents where r',, ) ) r". At low currents where

* r, r'0, the noise voltage may be expressed as

etn:  2kTB r"  :
2(kTrB

QIn
Thus, at low currents, e,, varies as (IE)-1l'? and is inde-
pendent of frequency as long as the flicker current noise
is so small that its contribution to e,, can be neglected.

These basic conclusions on en are well substantiated by
the experimental results of e,, vs Is for a low-current,
high-gain, low-noise bipolar transistor shown in Fig. 3.

It may be seen that e,, approaches 4nv/1/Hz for Is )
100 pA. The value of r'5 calculated from this asymptotic

value of e,, is about 1000 o and is in reasonable agree-

ment with an independent measurement of r'5. This value

of r'1, is rather high because of the very lightly doped base

Fig. 1. Noise equivalent circuit including the flicker noise
sources, where

e"t:4kTBrt,,  1;:2qg1,:?!I9 ,  . ; ' :2qo"(1 - a")trB*2q81,",

it'?: Leakage cuilent noise including its tlicker component,
, ^ c

it"':C'h,.# B (emitter iunction tlicker noise based on
T

Fonger's nodel), ir.2: Flicker noise current in the collector
junction; and i," is completely cotrelated to irc and
i 2

#>>1.



but its contribution to e,, at low collector currgnts is neg-

ligible cornparcd to rhat ol r, /2.

Noise Current  in

In general. thc contributions to i,, '  from ir. '  i incl i,, '

are very small for dcviccs with low leakagc curreuts

and lar-qc h' ( )> 100). Thus, to a good approxinration. i,, i

completely dctcrnrincs thc input-rcfcrred cutt 'eut noise.

The two componcnts of  i , , ; -  are:  1)  shot  noise of  thc dc

base currcnt. and 2) thc fl icker noisc current due to base

surfacc rccombination cuncllt If thc ertrittcr junction is

formed in a manner designcd to yield vcry l itt ic surfacc

damage and surfacc recombination. the 1licker colxpo-

nent of the current noise is small at low collector cur-

rents. The currcnt noise spectra of a low-noise, high-gain

device is shown in Fig. 4 for Ir '  - 1 ' 'A and 100 ' 'A and

show the l/rf ibehavior for frequencics below 100 Hz.

The corner frequency, where the mcan square fl icker noise

equals the mean square shot noise, is about 50 Hz for

fs : 1 pA and incrcases to about 300 Hz for Ic : 100

1,A. The rapid increasc of f l ickcr noise currcnt with in-

creasing basc currcnt is shown in Fig. -5. While the shot

noise currcnt incrcascs ^ty'C. th. f l icker componcnt itself

increases as (I ' ,)1, whcre / is 0.7 for low I,, (I,.) and unity

for higher values of Iu and I,.. This explains the corner

frequer.rcy increase with increasing collector (base) cur-

rent and also indicatcs why it is desirable to operate

bipolar transistors at as low a collector current as is

consistent with the currcnt gain and thc circuit require-

ments. The fl icker and shot noise currents vary as squarc

root of collector current.

100 pA
Ic (Ir)

F i g .3 .  e "  vs  l c (Vc r : 5V ,Ta :254C) to r  a  l ow -cu r ren t ,  h i gh '
gain,  Iow-noise bipolar  t ransistor .

-(Is)I6 = lq) rA,V6g = 5 V (hpg = 2500)
--#t#tffitF
ffi
(Ir) Ic = I p.A,Vcr = 5V (hse = 10fl))

Fig .  4 .  i "  vs  f  lo r  Ic :  1  tA  and 100 pA (Vr r :5  V) f  o r  a  low-
noise transistot.

Fig, 5. l .  .- , , , .a af ld i"  " " , ,"  vs /B af sev'
eral values of l , :  lor a low-noise tan'
slslor.
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Fig. 6. Noise figure vs Rs at t : 10
Hz, 100 Hz and 1 kHz (ls:l pA, Vcr
: 5 V ) .
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Transistorsl IEEE Transactions on Electron Devices, Vol.
10,  No.  4,pp.304-308,  Sept .  1963.
t9l. W. H. Fonger, 'Noise in Electron Devicesl p. 344, ed.
by L. D. Smullin and H. A. Haus, Tech. Press of M.I.T.
and John Wilev & Sons. 1959.
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Noise Figure F

From the expression for noise figure shown in the

insert of Fig. 2, it may be expected that there is an opti-

mum value of source resistance at which e,, and i,, con-

tribute equally to noise power in R" and for which the

noise figure is a minimum. The experimental data of

noise figure at Ic - 1 pA vs Rs is shown in Fig. 6 at

three frequencies of interest. It can be seen that the noise

figure at lOHz is less than 3 dB for R" - 100 ko to

1 Mo and the calculated minimum is 1.3 dB at a source

resistance of about 300 ko. Thus, at low currents, the

low-current, high gain transistors can be operated from

rather high values of source resistance which are com-

parable to the optimum source resistance of low-noise
junction field effect transistors. As Ig is increased, R5 ooi

[ ::1 ) d""r"ur"t and the minimum noise figure in-
\  i - , /

"r"ur". 
rapidly. For f > 7 kftz,there is very little meas-

urable change in noise figure for collector currents in the

range of 1 pA to 100 p,A. The noise figure is not very

sensitive to the collector-emitter voltage because of the

low leakage currents for these planar silicon transistors.
fil
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Premonitory Heartbeat Patterns
Recognized by Electronic Monitor

Computerlike instrument tor intensive care wards provides
advance warning of potentially tatal heart irregularities

By Thomas C. Horth

Brcausn A pATIENT MoNTToRING sysrEM ALERTS Hos-
pITAL pERSoNNEL to the need for corrective measures
while there is yet time, significantly improved recovery
rates have been achieved in hospital coronary care units
that use these systems.t Many lives have been saved be-
cause resuscitation was applied within seconds of the
onset of life-threatening events, such as cardiac arrest or
fibrillation (uncoordinated quivering of the heart muscles)
--events that were instantly made known by the equip-
ment.

Experience is showing, however, that it is possible to
head off many of these dangerous events, usually by
administration of appropriate drugs, if there is some ad-
vance warning of their onset. Extensive examination of
ECG records has disclosed that the heart gives advance
warning in the form of intermittent abnormalities in the
ECG waveform, abnormalities which nearly always pre-
cede the near-catastrophic events.

Detecting these transient waveform abnormalit ies,
however, poses problems. In the past, nurses have had
to constantly monitor ECG waveforms on an oscillo-
scope, a time-consuming occupation that requires con-
stant attention, difficult to do over long periods of time,
and that also keeps trained personnel from performing
other duties. What has been needed is an automatic de-
tector that can recognize transient abnormal ECG pat-
terns when they occur and alert medical personnel to the
need for action.

A Practical Arrhythmia Monitor

. Described here is a practical device, recently devel-
oped at Hewlett-Packard, that recognizes the character-
istic ECG patterns of these heart abnormalities. What is

rLov{n ,  Fakhr0 ,  Hood,  and Thorn , 'The Coronary  Care  Un i t :  New Perspec t ives  and
Di rec t ions , '  Journa l  o f  Amer ican Med ica l  Ass0c ia i ton ,  Vo l .  199,  No.  3 ,  Jan  16 ,  1967.

more, it keeps track of how often they occur (an occa-
sional abnormal beat is not life-threatening) and it acti-
vates alarms if they occur often enough to be considered
dangerous. In addition, the instrument accounts for the
differences in normal heart beat from person to person
and it also recognizes and ignores electrical disturbances
arising from muscle movement, electrode slippage, and
other interference.

This instrument is called an Arrhythmia Monitor
(Hewlett-Packard Model 7822A).It's the central instru-
ment in a system that keeps close watch on the condition
of heart patients in the intensive care ward. The com-
plete system includes a standard bedside cardiac monitor,
a magnetic tape delay unit, an electrocardiograph, and a
trend recorder (Fig. 1). The bedside monitor serves as a
preamp for the Arrhythmia Monitor. The electrocardio-
graph and tape delay work together with the Arrhythmia
Monitor to record electrocardiograms of abnormal beats,
called ectopic beats by the medical profession. When the
Monitor detects an ectopic beat, it directs the electro-
cardiograph to record the delayed ECG waveform played
back by the tape unit, an endless-loop recorder. This
arrangement makes it possible to record a few of the
heartbeats that precede and follow an ectopic beat, as
well as the ectopic beat itself. Over a period of time, the
ECG recorder accumulates a relatively compact record
that has valuable diagnostic information about the heart's
performance.

The trend recorder, a multichannel slow-speed (1

cm/ht) strip-chart recorder, plots an analog record of
heart rate and a histogram of number of ectopic beats per
minute, information that is supplied in analog form by
the Arrhythmia Monitor. This is the first system to pro-
vide this kind of information automatically, information
that is of high value to the physician as it clearly shows
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Fig. 1, Patient monitor sysfem that includes Arrhythmia Monitor aiso has recorders tor
accu mu lati ng i mportant di agnosti c i nlotm ation about patient's condition.

Fig.2. Arrhythmia Monitor (unit lett ol oscilloscope moni-
tor) is in compact cabinet that matches other units in
Hewlett-Packard Patient Monitot systems.

such things about the patient's progress as how heart rate

and heart irritation (number of ectopic beats per minute)

responds to drugs (Fig. 3).

This new Arrhythmia Monitor now makes it easier
to place the major emphasis in the care of cardiac pa-

tients on prevention, rather than resuscitation.

Fig. 3, Trend Recorder plots heart rate (left) and rate ol
occunence of ectopic beats over long periods (24 hour
record on 24 or 72 cm chart) to show trends in patient's

condition.

What the Arryhthmia Monilor Looks lor

A typ ical  e lect rocardiogram of  a normal  hear t  is

shown on the next page. Disturbances in the upper part

of the heart-the atria or storage chambers-affect the

timing of the heartbeat. The most serious disturbances,

thoueh. arise in connection with muscular contractions

1 3



Electrical Performance of the Heart

Elec t rocard iograms are  record ings  o f  the  hear t ' s  t ime-vary -
ing  e lec t r i c  f  ie lds  as  sensed by  ex terna l  e lec t rodes  In  the
normal  hear t ,  the  beat  i s  t r iggered by  the  hear t ' s  pace-
maker ,  the  s inoat r ia l  node in  the  upper  chambers  o f  the
hear t  Th is  a rea  is  se l f - t r igger ing  t i ssue tha t  per iod ica l l y
genera tes  e lec t r i ca l  pu lses  normal ly  a t  70-80  pu lses  per
second

The e lec t r i c  f  ie ld  genera ted  by  the  pacemaker ,  usua l ly  a t
too  low a  leve l  to  be  de tec ted  by  an  e lec t rocard iograph,
t rave ls  th rough the  musc le  ce l l s  in  the  hear t ' s  upper  cham-
bers  ( the  a t r ia ) ,  t r igger ing  the  a t r ia l  musc les  in to  ac t ion  The
sum to ta l  o f  the  resu l t ing  muscu lar  e lec t r i ca l  ac t i v i t y  resu l ts
in  the  'P '  wave on  the  e lec t rocard ioqram

T h e  t r a v e l i n g  e l e c t r i c a l  i m p u l s e  c o n t i n u e s  o n  t h r o u g h  t h e
at r iovent r i cu la r  (AV)  node,  a  channe l  o f  spec ia l i zed  t i ssue
Iocated  a t  the  junc t ion  o f  the  wa l ls  tha t  separa te  the  cham-
bers  o f  the  hear t .  Th is  t i ssue-wh ich  has  a  conduct ion
speed o f  200 mm/s ,  about  one- f i f th  tha t  o f  the  a t r ia l  wa l l s
-conducts  the  pacemaker  pu lses  to  the  lower  par t  o f  the
hear t  (Other  pa ths  f  rom the  upper  to  the  lower  chambers  o f
the  hear t  a re  b locked e lec t r i ca l l y  by  non-conduct ive  t i ssue. )
lmpu lse  conduct ion  th rough the  AV node is  represented  by
the  'qu ie t ' sec t ion  be tween the  P and Q waves on  the  e lec-
t rocard  iogram

Once pas t  th is  b io log ica l  de lay  l ine ,  the  pacemaker  pu lse
is  spread rap id ly  over  the  musc le  t i ssue in  the  lower  par t  o f
the  hear t ,  the  vent r i c les ,  by  a  h igh-speed conduct ion  sys tem
ca l led  the  Bund le  o f  H is .  The vent r i c les  a re  the  hear t ' s
m a j o r  p u m p i n g  m u s c l e s  a n d  t h e  s u m  t o t a l  o f  t h e i r  m u s c u l a r
ac i i v i t y  i s  represented  on  the  e lec t rocard iogram by  the  QRS
complex ,  the  most  p rominent  fea ture  o f  the  hear tbeat .

E lec t r i ca l  repo la r iza t ion  o f  the  vent r i cu la r  musc les  is  rep-
resented by the T wave

Q s

Right
Bundle
Branch

Left
Bundle
Branch

R

(One Complete Cycle)

SA Node Fires

Arrial Muscfe ,"*r^rrnTT-f 

-Uu"n 

ricurar Reporarizarion
JI

Slow Conduction Through AV Node/ \Rapid Ventricular Depolarization (and Atrial Repolarization)
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of the heart's major pumping chambers, the ventricles.
If irritation in the ventricular muscles gives rise to spon-
taneous activity, the QRS wave is not the sharp, clean

spike shown here but is a wider waveform like that shown
in Fig. 4.

Heartbeat timing can be affected by many types of
disturbances, or arrhythmias, including non-threatening
types as well as the serious ventricular ectopic beats.

Ventricular ectopic beats are not always displaced in

time, though, so timing is not a consistent indicator of
ventricular ectopic beats, nor is amplitude. Abnormal

width, however, is characteristic of these patterns. Conse-
quently, the Arrhythmia Monitor was designed to look

for widened QRS waves, the type of arrhythmia that

most often precedes potentially fatal arrhythmias. It also

examines heart timing to look for premature beats in
those cases where the doctor is interested in disturbances

in the atria.

Fag. 4. Electrocardiogram shows ventriculat ectopic beat
on 2nd pulse. Arrhythmia Monitor defecfs abnormal beats
Iike this.

How lt Works

The first task of the Arrhythmia Monitor is to establish
what is normal for the patient. It does this when the
operator presses the STORE NORMAL pushbutton on
the front panel (shown in Fig. 5). For about 4 seconds
following momentary depression of the STORE NOR-

MAL pushbutton, the Monitor examines the input ECG

waveform and stores values equivalent to the height,

width, and derivative of the QRS wave. During this time,

the associated ECG recorder is activated to provide

visual confirmation that the ECG waveform durins this

time is indeed normal.

STORE NORMAL signal processing proceeds as fol-

Iows: the first step is to adjust system gain to normalize

waveform amplitude. The input ECG waveform, which

may have a peak amplitude anywhere between 0.7 and
3 volts, is first passed through a non-linear slew-rate
limiter and a filter (Fig. 6). The slew-rate limiter removes

Ectopic Beats
All of the electr ical ly act ive t issues in the heart are capable
of self-tr iggering, but at rates slower than the pacemaker.
l f  disease should block the normal conduction paths, the
heart can continue to pump blood, but not as effect ively as
the healthy heart.

When arteries supplying blood to the heart muscles be-
come blocked, the affected muscle suffers from lack of
oxygen ( ischemia) and ult imately may die (myocardial in-
farct ion). The ischemic t issue may become irr i tated, causing
it  to ' tr igger'  on i ts own. l f  this occurs in the atr ia, the atr ial
muscles may be tr iggered prematurely. The resl of the
heart,  though, responds electr ical ly to the premature atr ial
act ivi ty in a normal fashion. Fig. C

lf i rr i tat ion occurs in the ventr icles. however. the self-
tr iggering impulse, since i t  does not arr ive through the AV
node, travels a dif ferent and slower path in spreading over
the ventr icles. The QRS then becomes widened, and is
classif ied as a ventr icular ectopic beat. Fig. D

This kind of interference with the normal electr ical per-
formance of the ventr icular muscles is the most dangerous,
as i t  may result in ventr icular f ibr i l lat ion (uncoordinated
quivering of the ventr icular muscles). The new Arrhythmia
Monitor detects the occasional widened ventr icular beat so
that calmative drugs can be administered before the condi-
t ion progresses to the dangerous stage.
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Fig.5. Arrythmia Monitor detects every premafure and every widened beat, tlashing appro-
ptiate indicator lamp (iust above row of pushbuttons). Five pushbuttons at lowet center
select type ol beat to be recorded on electrocardiograph. Upper controls select alarm

criteria (see Fig. 11).

spikes on the ECG waveform which couid not be physio- that particular patient. The system automatically allots

logic in origin, such as electronic pacemaker pulses. The 2 seconds for the gain-setting procedure, then it resets

filter has a passband centered at 8 Hz that removes both the comparator threshold to 400 mV.

high- and low-frequency interference. The next step is to establish the time of occurrence of
The filtered waveform is then passed through a full- each QRS wave. Any subsequent waveform to exceed

wave rectifier to make operation independent of ECG 400 mV is considered by the comparator to be a QRS
signal polarity. The rectified waveform is fed through an wave, provided that 240 ms has passed since the previous
automatic gain-controlled amplifier to an amplitude com- QRS. The output of the comparator then triggers a one-
parator. If the amplitude of any part of the waveform shot multivibrator that generates a pulse of standard
exceeds 1 volt, the comparator reduces the gain of the width and height, which for identification purposes is
digitally-controlled AGC circuit by switching in resistors called the QRS gate. This pulse flashes the front-panel
until the signal amplitude no longer exceeds 1 volt. Sys- QRS lamp to provide a visual indication of heartbeat
tem sain is thus normalized for the ECG waveform of occurrence.
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To measure QRS width, the QRS-width pulse operates

a gate that allows clock pulses generated at a 167-Hz

rate to pass to a iotalizer. The count remaining in the

toLalizer when the gate closes represents the width of the

QRS wave. During STORE NORMAL, two more pulses

are automatically added to this count to increase the

width measurement by 12 ms and the augmented total is
then placed in storage.

Width comparison is performed digitally. At the con-

clusion of each heartbeat, following the STORE NOR-

MAL sequence, the comparator's totalizer is cleared and
the stored count placed in the totalizer as a two's com-
plement negative number. The next heartbeat, after being

differentiated and rectified, turns on the gate allowing
167-Hz clock pulses to enter the totalizer. Any input that

equals or exceeds the stored count causes the totalizer to
overflow, which indicates that a widened beat occurred.

The overflow flashes the front-panel WIDE indicator
(shown just above the WIDE pushbutton in Fig. 5), turns

on the ECG recorder if the WIDE pushbutton is de-

pressed, and places a count in another totalizer that

keeps track of the number of wide beats.

Premature Criterion

To look for premature beats, the Arrhythmia Monitor

compares the time of occurrence of a QRS wave to the

time that it should occur as determined by a 4-second

running average of QRS occurrences. As shown in Fig. 9,

QRS gate pulses are fed to a low-pass filter that pro-

duces a dc voltage corresponding to a running 4-second

average of the QRS gate pulses, a voltage that is propor-

tional to heart rate (O-2.4 Y n O-240 beats,/minute).

This voltage is made available to the trend recorder for

a record of heart rate vs time.
The filter output is also fed to a voltage-to-frequency

converter that generates pulses at a rate 2.5 times that

of the average heart rate as determined by the filter out-

put. These pulses are fed to a counter.

Both the counter and the V-to-F converter are reset

by each QRS gate pulse. If the counter receives two

pulses from the V-to-F converter before being reset, that

QRS wave is classified as occurring at the normal time.

If less than two pulses are counted, however, the R wave

is classified as premature. Any R-to-R interval, there-

fore, that is less than 8O% of the average R-to-R interval

is classified as premature. The front-panel PRE lamp is

flashed, and a count is placed in the register that keeps

track of the number of premature beats.

Fig. 6, QFS occutrcnce detectot f/ashes QRS lamp tor
every heart beat and generates pulse of standard width
and height (QRS gate).

Widened QRS Criterion

To look for widened beats, the Monitor has a second

channel, operating in parallel with the QRS detector

channel, that senses the beginning and end of the QRS
wave (Fig. 7). It does this by examining the derivative of

the ECG waveform.
This channel also uses a filter, full-wave rectifier, AGC

circuit, and amplitude comparator. This filter, however,

takes the derivative of the waveform, as shown in the

series of waveforms in Fig. 8. During the STORE NOR-

MAL sequence, the AGC circuit is first set according to

the peak value of the di.fferentiated waveform. Following

establishment of the AGC level, the comparator's thres-

hold level is reset from I V to 200 mV.

The first part of the next waveform to exceed 200 mV

turns on a binary if the waveform stays above 200 mV

for more than 15 ms. This is considered to be the leading

edge of the QRS wave (the 15 ms timing criterion elimi-

nates false counts from noise spikes, electronic pace-

maker pulses, or other short-duration interference). The

output of this binary passes to another binary that has a

turn-off delay of 90 ms, a delay that effectively bridges

the separate pulses representing the leading and trailing

edges of the QRS complex so that the result is a single

pulse (Fig. 8). Finally, a third binary delays the leading

edge of the single pulse an additional 75 ms so that the

output is a pulse whose duration is equivalent to the

width of the QRS complex. This pulse is gated by the

QRS gate pulse to remove any between-beat artifacts.
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derivative of ECG wavef orm lo sense onset and termination of QRS wave.

To
Trend

RecorderInput ECG

Dilterentiated ECG

Rectified ECG

QRS
Gate
Pulse

DC Proportional
To Heart Rate

Prematute
Beat

Count

co,Yu?Jrm couNrER

Premature
Beal

Occurrence

LOW.PASS
FI  LTER

Threshold Level

(Reset)

Fig. 9. Premature beat detector compares actual beat
occuftence to t ime that average heatt tate indicates beat
would be expected

Fig. 10. Muscle activi ty causes highJrequency interfetence
in ECG (a) Baseline wandet is low-f requency noise (b).

-] f* rs '.

eoms l  l -

- .  
f - 75ms

QRS widrh ---]

Comparator Output

Leading Edge Delay

Trail ing Edge Delay

2nd Leading Edge Delay

F
b

Fig. 8. Wavetorm processing to measure QRS width.
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This, then, is what the Arrhythmia Monitor does. It

examines the width and timing of every QRS wave re-
gardless of how the controls are set. The front-panel
controls merely select what the instrument is to do with
the resulting information, allowing the system to be tai-
lored to the needs of the particular patient.

Artifact Rejection

Electrocardiograms do not always have the neat
appearance illustrated in the box on page 14 but may
include interference, called 'artifacts'by the medical pro-
fession, like that shown in Fig. 10. These are usually
caused by patient muscle movement and/or electrode
movement. It is possible that an automatic monitor
would classify some artifacts as ectopic beats, so it is
important that the Arrhythmia Monitor recognizes arti-
facts as such.

The two common types of artifact encountered are
muscle artifact and baseline 'wanderl Muscle artifact
generates a relatively high-frequency noise-like wave-
form whereas baseline wander is a low-frequency ex-
cursion of the ECG waveform. Commonly-encountered
amounts of either of these artifacts are reduced to sub-
detection levels by the bandpass filters in the width and

QRS detector channels.
ff muscle artifact is excessive. however. its derivative

may exceed the threshold level of the comparator in the
width detection channel. A typical muscle artifact crosses

the ECG baseline several times in rapid succession so

in this case the output of the comparator is a series of
pulses. Since the derivative of a genuine QRS wave sel-

dom crosses the baseline more than 4 times, muscle arti-

facts are detected by a totalizer that counts the number

of pulses generated by the comparator during each QRS
interval. If more than 5 pulses are counted, the signal
is classified as an artifact, the ARTIFACT lamp is
flashed, and the ectopic beat indicators are inhibited

from classifying the signal as ectopic.
Excessive baseline wander is detected by a third chan-

nel, operating in parallel with the width-measurement
and timing channels. Here the ECG waveform is passed

through a low-pass filter with cut-off at 0.5 Hz, then
rectified so negative-going as well as positive-going wan-

der can be detected. The rectified wave is applied to a

comparator which is slope sensitive as well as amplitude

sensitive-it responds only to sigrals that exceed 1 V at

a rate of more than 667 mY/s. When such a waveform

is detected, it too flashes the ARTIFACT lamp and in-

hibits ectopic beat counting.

By now it should be evident that the instrument uses

many logic circuits to perform its duties. Integrated cir-

cuits, about 50 of them, have made it possible to cram

all these functions at reasonable cost into an instrument

of convenient size for bedside use or for mounting with

other instruments on a portable cart (price is $1500). All

circuits are contained on just four plug-in circuit cards,

allowing quick exchange for servicing.

lnstrument Operation

Operating the instrument is simplicity itself. It accepts

a high-level ECG-signal supplied by a bedside monitor

or suitable preamplifier. The operator confirms oper-

ation by noting on a monitor scope that a satisfactory

ECG waveform is supplied. Beyond that, the operator

selects the alarm criteria and the signals to be recorded
-then he presses the STORE NORMAL button. Oper-

ation proceeds automatically from then on. The oper-

ator need only determine whether or not the ARTIFACT

lamp flashes excessively. Operation of the controls is

described on a pull-out card, shown in Fig. 11, that is

permanently attached to the instrument.

False Counts

Does the Arrhythmia Monitor detect every ectopic

beat, and igrore every artifact? It has a high batting

average but a realistic appraisal shows that there are

some situations where it could be in error. For instance,

if patient electrodes are not properly positioned, there

may be ectopic beats that have an amplitude less than

half the established normal or that have slow rise or fall
(low derivative). These won't be counted and may cause

the next beat or two to be classified as premature, since

the absence of beats affects the averaged R-R interval.

Repositioning the ECG electrodes usually corrects this
situation.

Large electrical transients may cause a normal beat

to appear widened, or may be classified singly as pre-

mature beats. Either of these situations would be visible

on the ECG recording that results from the instrument's

classifying a beat as ectopic.
The Monitor counts all ectopic beats occurring at rates

up to "1.20/minute, but would count every other one if

the rate exceeded l2o/min. Every ectopic beat at any

rate of occurrence, however, is recorded by the ECG

recorder.
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Field Trials

In hospitals that painstakingly monitor ECG's for
early detection, accurate diagnosis, and aggressive treat-
ment of arrhythmias, immediate mortality has been re-
duced 60Vo.! A prototype of the new Arrhythmia Mon-
itor, in a yearJong trial in a coronary care ward, has

shown itself most useful in this effort to inform nurses

and attending cardiologists by its ability to make known

clinically significant arrhythmias. The instrument and

its recorders, by showing the trend of events over peri-

ods of time, have shown themselves to be especially use-
ful for assessing the effectiveness of a particular course
of drug management. @

Thomas C. Horth
After earning both BSEE and
MSEE degrees  f  rom MIT p lus
a BA degree f rom Oberl in, Tom
Horth worked on develooment
of automated air traff ic control
systems, infrared horizon
sensors, and satel l i te guidance
systems. After several years of
this act ivi ty, curiosity about
l i fe styles outside the United
States led him to spend the
better part of a year with a
Norwegian manufacturer of
communica t ions  equ ipment .  On
return to the United States. he

jo ined the  HP Med ica l  E lec t ron ics  D iv is ion  ( fo rmer ly  the
Sanborn Division) in Waltham, Mass., and worked on
the Arrhythmia Monitor, r ight from the inception of that
project. Upon completion of that instrument's develop-
ment, he applied himself to a study of the application of
computers to medical problems.

Tom is married, has two chi ldren, does some wood-
working in otf-hours, and, when t ime and the weather
permi t ,  takes  to  the  New Hampsh i re  h i l l s  fo r  sk i ing .

Fig. 11. Slide-out card permanently attached to instrument
carrie s o pe rati ng i n str u ction s.
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