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An Automatically Calibrated Universal Measuring Equipment

for Noise in Semi-Conductors.

C.E. Cox

ABSTRACT

jlecent developments in X and Gamma Ray spectrometry and Infra-red
detection require the use of Junction Field-Effect Transistors (JFets)
which exhibit very low levels of noise in the frequency range from a few
Htertz to ]OOKHz. 1-n-many--applica ione-the--opri Th'mperformance is achieved
by-cooling-the detctor in-a cryo;tat,.. and..r.he...detector and JFet may
operate at a tempeiature as-low as 80°K.

I-t...has b _n shown that the low.-frequency-noise of JFets is stronrly
dep.endent,-on-d'vice-operating-_ parameters .and---caTr" 'vary greatly between
sCes--operaet-rg--und~r--the- same . conditions'. - In order ::o
invest-ig -- the--sources of.-low- frequency,-noise further, and to select JFets
for-.u e--w-ithdetector systems, it --ha3--been-necessary to -accurately measure
the/ow freque-:cy noise performance of devices over a wide range of
op rati-ng-conditions.

_ A micro-computer controlled equipment has been developed which can
measure the noise of Fets, NPN and PN' bipolar transistors in the frequency
range lOHz to IOKHz, to a greatLr accuracy than that obtainable from
available equipment. The device opera.ing parameters may be varied under
computer control, allowing noise measu-ements to be performed automatically
over a range of conditions. When measuring four-terminal (or tetrode)
Fets, the substrate voltage may be varied independently of the gate
voltage. "
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H igh rasolatiom X an.d Gam ray Spectro~itry and Infra-red detection

.systems rercire a pce-a=p1ifier 'with a In. woise transistor irPOt to
amplify the detector sitaal before It is processed by a pise-&hapiag
network to o)?t'-,ise the sijoal-ta-oise *ratio (Slit). The noise of the

i~e ransistor usually liits the SnaR that may be achieved, and the
mature of the signal processing cethod czployed is such that capacitcnce
nd leakage current at the injot to the pre-a lifiei both degrade'thc :;N.
20 order to achiieve !*- woise waith low capacitance and low leakage "alll
'gate area JFets are u"e. in soeapplications the optimum SNR is obtained
by processing the 4etecteZ s.-al1 for time periods up to 10-.s or -ore, and
under these conditions it is the noise of the inpu4t JFet at frequencies

down to a few Hertz which fliis he I.

• It has beta shown (1,2,3) that the most significant source of low
frequency wilse in small gate area .rets is the drain current modulation
caused by charge transitions in single point defects situated close to the
edge of the channel and near the pinch-domn region of the device. The
magnitude of the low frequeqey noise is critically dependent on device
operating conditions and may show large peaks as a function of temfprature,

-drain curreNt aid substrate voltagus An example of the variation of low
frequency noise with substrate voltage and temfperature is show. in Figure

• |1. This illustration demonstrates the need to undertake many noise
measurements over a range of conditions in order to establish the operating
poinx for op!i--un noise performance.

i ~ A fully automatic noise measuring equipment has been developed for

mensuring he noise of Fets in the frequency range IGHz to 100KHz and at
temperatures between 790K and 3W0K. Drain and substrate voltiges may be
varied between 0V and 10V and drain current between 100;jA and 100 A. Tne
equipment nay also be used for measuring the noise of NNH and PNP bipolar
transistorp. The device operating conditions are accurately defined and
devices ray be Maas~red with noise levels between 0.3 n~olts per root Hertz
and 2pVolts per root Hertz, (see Note I). The transistor operating
prameters and execution of the noise measurements are controlled with a
micro-cozputer. The computer provides a digital read-ouc of the noise
measurement, eliminating the common problem of human error associated with

1reading a meter. Same typical noise measurements performed with the
: equipment are given in Appendix A.

2. GENERAL DESCRIPTION

The general problem in the measurement of noise in aplifyng devices

is that of knowing the magnitude of the gain and bandwidth of the following
amplifiers and filters. The noise of devices is required to be known at
particular frequencies. However, filters of finit th mose t hused
and the difficulty arises in determining their actual effective bandwidth.
These problems are overcome here by the use of a calibrated and very stable
noise sourceu Followtng the measurement of the amplitude of the noise of
the device under test, the eqipment is calibrated by performing a second
mea aurement after introducing a nell defined hte noise source wose
amplitude is very ch greater than thnoise of the inpt device The actual
magnitude of.the device noise is then obtained by solving a simple

equation.

OTE 1: It is comon practice to easure noise power
per unit bandwidth, and thereore nose voltage is d e

measured per root frequency.
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In this equipment -he device under test forms the input stage of an
amplifier. The xenainder of this first amplifier is designed to have a
very lou and sell defined noise performance, allowing noise sources in the
amplifier to be subsequently accounted for -hen the noise of the device is
finally calculated in the nicro-cooputer. To prevent extraneous noise from
corrupting the neasurement, the first aid second stage amplifiers are
contained in a fully screened free standing nodule (figure 2).

The device noise after considerable amplification is passed to various
filters of different frequencies between 10Hz and lOOHz. The filtered
noise signal is rectified and snoothed and is used to generate a
pulse-train with a frequency proportional to the rms magnitude of the noise
signal. The oulses are ccunted in scalers for a defined tine period.

A block diagram of the noise neasuring equipment is shown in figure 3.

3. PRE-AMPILIFIER

The pre-amplifier controls the operating conditions of the device
under test and amplifies the noise signal typically over the 3dB frequency
band IHz Co IMti.

In order to achieve the best possible noise performance -hilst
naintaining a rapid response to changes in device operating conditions, it
has been necessary to provide separate pre-amplifiers for measuring the
noise of H-channel Pets, P-channei Fets, UNP and PNP transistors. Noise
measurement accuracy is maintained over a range of drain or collector
currents by optinising the design of each pre-amplifier for a particular
current range, and separate units are provided for operating over different
current ranges. A discussion of the limitations to the drain current range
is given in Appendix B.

The device operating conditions are determined by well defined and
stable voltage levels (parameter control signals) which are generated by
the Transistor Parameter Controller and transferred to the pre-amplifier by
the Pre-aeplifier Controller, along with other control signals and power
supplies.

The design of each pre-amplifier is broadly similar; for exanple, the
N-channel and P-channel units are nearly identical except for a voltage
polarity change in the first stage amplifier and the parameter control
circuits. The bipolar pre-amplifiers differ from the Pet units only in the
method for controlling the base voltage of the device under test. Each
pre-amplifier has a unique identity code which can be read by the
nicro-coputer. The N-channel pre-amplifier only is described here, and
the base voltage control in the UPS pre-amplifier is discussed briefly in a
later section.

3.1 N-Channel Pre-amplifier

A block diagram of the N-channel pre-amplifier is shown in figure 4.
The device under test, TI, is at the input of a preliminary amplification
circuit incorporating a cascade transistor T2, source-follower T3 and
feed-back eomponents Cl, RI and R2. The substrate voltage, drain voltage
and drain orrent are precisely controlled and the gate voltage is
Sautomatically biased to the correct operating voltage. The first rtage
gain is determined by RI and R2, and is dependent on the drain current
range of the pre-ampltfier. The open loop gain of the first stage
amplifier is proportional to the mutual conductance of the device which
increases approximately as the square root of the drain current. To ensure
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that the demanded gSin is always less than the open loop gain, the demanded
first stage gain has been reduced in pre-aplifiers thich operate over a
lo current range. The reduction of signal gain at low currents is
adlvantageous as the noise of devices generally increases as the drain

- current decreases.

The cuscode current, Ic, is generated froa a low noise constant
current circuit. To maintain the accuracy of the drain current setting at
low drain currents, Ic is chosen to be smaller than the lower linit of the
current range of the pre-soplifier, but sufficiently large for T2 to have a
good frequency response and low emitter resistance noise.

The first stage of amplification is followed by a second stage
wide-band discrete amplifier, Al, with a low noise Eet input. The two
sa ges provide a total gain of between 2,500 and 15,000 depending on the
current range. A voltage comparator at the output of Al signals when the
amplifier circuit is tenporarily out of balance, which nay occur
immediately after changing the operating parameters of TI, -for example.

3.1.1 Parameter Control Circuits

An important feature of the noiae measuring equipnent is its ability
to rapidly change the device operating conditions between noise
measurements, while maintaining a high level of noise filtering in the
parameter control circuits during the measurement period. This has been

achieved by incorporating a dynamic filter network using an Operational
Transconductance Amplifier (OTA) in each of the parameter control circuits.
The OTA is used with a feedback loop which supplies current to a capacitor,
adjusting the voltage on the capacitor until the circuit is balanced. Te
OTA and capacitor provide a filter network with a time constant dependent
on the gain Au of the OTA, which can be varied by applying an external bias

current.

During the noise measurement period As is sufficiently small for the
noise et the input to the OTA to be adequately filtered. Following a
change in device operating conditions Ao is increased, shortening the
filter time constant and allowing the parameter control circuit to respond
rapidly.

A schematic diagram of the drain volage control circuit is shown in
figure 5. The drain voltage control signal is filtered by Al and Cl and
generates a well defined voltage at point Pl. Transistor T2 provides a
voltage drop equal to the base-eitter voltage of the cascode transistor,
setting the drain voltage of the device under test to be equel to the
voltage at Pl. The gain of Al is varied by applying a control signal, (the
Initialise signal), to change the current into the bias input of Al.

A similar circuit is provided for setting the substrate voltage, but
to minimise the injection of noise into the Fet, the capacitor and
substrate are connected directly to the output of the OTA, which is wired
as a simple voltage follower. The gain of the OTA determines the nannus
current which it may supply, thus setting a maximum limit to the substrate
leakage current which may he allowed.

Figure 6 is a schematic diagram of the gate voltage control circuit.
OTA Al adjusts the gate bias of the device under test TI until the
inverting input of the second stage amplifier is at zero volts. The gain
of Al during the noise measurement period determines the ,maximum allowed
gate leakage current. An additional OTA, A3, and buffer amplifier A2

provide a protect circuit which can clamp the gate of TI to zero volts.

- 6.-
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Durini nor--l operation the gain of A3 is zero and the gate of TI is setv at
its operating voltage. When the device under test is changed, a control
signal (the Protect signal) is automatically triggered and increases the
gain of A3, driving current into Cl until the gate voltage has reached
zero. A similar protection circuit is incorporated in the substrate
control circuit, and the device nay be removed~or inserted with power on
without causing danage.

A schematic diagram of the drain current control circuit is shown in
figure 7. To allow the drain current to be varied over as large a range as
possible while maintaining noise measurement accuracy, it has been
necessary to generate the drain current supply froi a +60V supply line. A
detailed discussion of noise sources and limitations to the drain current
dynamic range is given in Appendix B.

The problem of coupling the OTA amplifier, Al, to the *60V line has
been overtone by using opto-couplers, OTI and OT2. The opto-couplers
supply current to capacitor Cl which adjusts the voltage at point P2 until
sufficient current flows through R4 to balance the circuit. The drain
current is supplied through transistors T4 and T5 and is determined by the
magnitude of R6 and R7. Resistor R8 supplies a nearly constant current Ic
which is approximately equal to the cascode current. The magnitude of Ic
is dependent on the drain voltage to a small degree, and in order to reduce
the error in the drain current setting to less than IZ the micro-computer
applies a small correction to the drain current which takes into account
variations of Ic with drain vo!tage.

3.1.2. Noise Considerations

The essential requirement of a circuit for amplifying noise is that
the contribution to the output noise signal from elements is the circuit is
snall compared to the contribution from the device under test, and that
these additional noise suces are well defined and stable and may be
subtracted fron the total noise measurement.

The most significant excess noise contributions are from noise sources
which are introduced directly into the device under test or into the first
stage of amplification. These are, with reference to figure 4,

(i) the thermal noise of resistor RI,

(ii) the emitter resistance and base spreading

resistance of the cascode transistor, T2.

(iii) the base current noise of T2.

(iv) noise from the parameter control circuits.

RI is a highly stable metal film resistor with a accurately known
value of between 5.. and O.f4., depending on the current range of the
pre-amplifier. The value of RI is reduced in the higher current
pre-amplifiers, and the first stage gain subsequently decreased, in order
to natch the lower noise and higher mutual conductance of the device under
test. A subtraction of the noisc of RI is performed in the noise
measurement calculation.

The requirements of the cascode transitor are that it must possess a
high forward current gain (lfe) and low base and emitter resistance noise

at the odemandedtccascode current. The characteristics of the cancode

transistor are matched to the drain current range of the pre-amplifxer, and

-7-K..1



devices may be found which contribute less than it to the noise measurement
of the device under test.

The substrate voltage, gate voltage and drain voltage control circuits
provide sufficient noise filtering for their contribution to the total
noise signal to be negligible. A discussion of noise sources in the drain
current supply circuit and limitations to the drain current dynamic range
is given in Appendix B. In brief, the magnitude of the excess noise
injected into the drain of the device under test is dependent on the noise
in the fixed resistor through which the current is supplied, and the noise
in the voltage supply line.

In order to limit the error in the noise measurement to a few percent
while providing a drain current dynamic range of at least 10:1 in each
pre-amplifier, it has been necessary to generate the drain current from a
+60V supply line. A sufficiently low noise voltage supply has been
obtained by designing a mains operated unit which incorporates choke-input
filters and sophisticated stabilisation circuits. The power supply is
discussed in a later section. Additional filtering of the voltage supply
is provided in the pre-amplifier, and the noise contribution from the +60V
supply is negligible. However, a snall correction of a few percent is made
in the noise measurement calculation to subtract the noise of the fixed
resistor which supplies the drain current.

3.1.3 Calibration

The noise measuring equipment is calibrated by introducing a very
stabie and precisely defined white noise source into the input of the
pre-anplifier after each nosse measurement. This technique of automatic
calibration eliminates the effect of small variations in the gain oC the
pre-amplifier which nay occur as a result of changes in device operating
conditions, as well as renoving the need to establish the exact gain and

bandwidth of the filter circuits.

A white noise source is generated using a pseudo-random sequence
generator whose amplitude is accurately known in the range 1OHz to 100KHz.
Generation of the calibrated noise signal is discussed in a later section.

Two modes of calibration are provided. With reference to figure 4,
the first method involves introducing the calibration signal through a
stable resistor network, RI and R2, into the gate of the Fet under test.
RI and R2 attenuate the calibration signal by an accurately known factor,
and the noise measurement is calibrated in terms of the equivalent noise
voltage, En, referred to the gate of the device.

In some applications it is more convenient to refer to the equivalent
noise current Inn in the drain, as the thernal noise current of Pets is
almost independent of substrate voltage and temperature. Methods for
measuring Ino usually rely on measuring In and the mutual conductance of
the device separately. Here, the noise current measurement may be directly
calibraked by introducing the calibration signal through an accuratelydefined and stable resistor, R5, into the drain of the device.

The required amplitude of the calibration signal is automatically
calculated and controlled by the micro-computer. Calculation of the
required amplitude for En measurements is straight forward, since the gain
from the input of the pre-aaplifier is almost independent of device
operating conditions and is known approximately. Calculation of the
calibration signal amplitude for Ino measurements requires a knowledge of

the mtual conductance, go, of the devie. Cm varies as the operating
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conditions are changed, and it is necessary to perform a trial noise
measurement (using a very short integration time) prior to each Ino
measurement, in order to estimate the calibration signal amplitude
reiuired. a

3.2 Base.Voltage Control in the Bipolar Transistor

VV s'~~re-amplifier.trnitrp-mpier isheeho fr

The only significant difference in the circuit design of the Fet
pre-amplifiers and the bipolar transistor pre-amplifiers is the method for
controlling the base aoltage of the transistor under test. The base voltage
requires to be set only over a limited range between 0.5V and 0.8V, and the
controlling circuit =mst be capable of supplying a current of up to a few
milli-amperes into the base of the transistor. The magnitude of any noise
which is introduced into the base must be small and known accurately, so
that a correction to the noise measurement can be made.

The base voltage is controlled by applying a variable current, Io,
into an accurately defined and stable fixed resistor of a few Ohms. lo has
two components. The first component is a fixed, very low noise current
which is so ,lied from the 60V line after extensive filtering. Secondly, a
variable current is supplied whose magnitude is controlled by an OTA which
adjusts the magnitude of Io to set the correct operating base voltage. Thegain of the OTrA may be varied to provide a dynamic filter network in a i

similar way to the gate voltage control circuit.

The base voltage may be varied between 0.5V and 0.8V with only the t
noise of the fixed resistor being added to the noise measurement of the

device under test.

4. FILTER INTERFACE

In order to maximise the noise signal dynamic range in the equipment,
it is desirable to &djust the signal amplitude at the output of the
pre-amplifier to match the dynamic range of the filter units. This has
been achieved by designing a Filter Interface whilch provides variable
signal gain, controlled by the micro-computer, between the pre-amplifier
and the filter units.

A transient voltage swing at the input to the filter units may cause
the low frequency filter circuits to saturate, requiring many seconds for
the noise signal to return to its correct level. Such voltage swings may
occur at the output of the pre-amplifier after a change in device operating
conditions. To allow noise measurements to begin within a few seconds of
changing the device operating conditions, the Filter Interface has been
provided with a facility for isolating the input of the filter units from
the output of the pre-amplifier.

A schematic diagram of the filter interface is shown in Figure 8.

4.1 Isolation of the Noise Signal from the Filters

Isolation of the noise signal from the input to the filter units is

achieved by the use of an OTA, A2 in figure 8. The gain of A2 is
determined by the bias current, lb, supplied through R12 and Dl, and may be
changed by a logic control signal. During normal operation the gain of A2
is set dt a high value and the source of transiste, TI (point P2) follows
the mean signal input level at Pl.

9-

'It



*1
The signal input is taken to buffer amplifier Al whose output (point

PI) can be connected by an Fet analogue switch AS! to one of two positions.
During normal operation the signal at PI is AC-coupled (CI,Rl) into the
input of amplifier A3. When isolation is required, the gain of A2 is
reduced to zero and analogue switch ASI connects P2 to Cl. P2 maintains
the original mean signal level at Pl to within ImV for a period of many
tens of seconds, decaying with a very long time constant determined by the
value of C3 and the gate leakage current of TI. W/hen the output of the
pre-amplifier has settled to its correct operating level, the signal path4 may be re-connected by ASI and the gain of A2 increased.

4.2 Computer Controlled Variable Gain

Variable gain is provided by attenuating the noise signal using a
resistor network, R2 to R5. Each of the resistors R3, R4 and R5 can be
shorted to the ground ly a bipolar transistor analogue switch, each switch
being set by a control code determined by the micro-computer. The resistor
network provides eight possible gain settings over a range of approximately
10:1. The gain at each setting need not be defined precisely as it remains
fixed for both the noise and calibration signals. The micro-conputer
calculates the required gain setting by performing an initial trial noise
measurement before measuring the device noise accurately.

in order to provide an accurate calibration of the signal gain in the
pre-amplifier and filter units, it is important that the magnitude of the
calibration signal is very much greater than the noise from the device
under test. To allow the use of a large calibration signal while keeping
the signal within the dynamic range of the filter units, the gain in the
Filter Interface is reduced by an accurately determined factor before the
calibration signal is applied. The gain determined by amplifier A4 may be
reduced by operating an analogue switch ASS. R7, R8 and R9 are accurately
defined and stable resistors. The rollector-emitter capacitance of the
grounding transistor in ASS is sufficiently large for the collector
impedance to ground to be significant at the highest frequency of interest(IOOKRz). Therefore, to achieve a gain change defined to better than 1%,
resistor R7 is connected in parallel with ASS.

The physical nature of noise in most semi-conductor devices is such
that the nagnitude of the noise signal, measured in the range lOHz to
lOOrHz, decreases as the frequency increases. The noise signal amplitude
in filter units with centre frequency, Fc, greater than lOKHz might
therefore be expected to be less than in lower frequency filters. However,
the operating dynamic tange of the high frequency filters is limited at low
signal levels, and it is therefore desirable to have a greater signal gain
to the input of filter units with Pc greater than 1OKHz. For this reason a
second output from the Filter Interface is provided following further
amplification by AS and A6. The gain of AS and A6 is accurately defined
and is switched to the low gain setting during the calibration measurement,
using analogue switches AS6 and AS7. Resistors RIO and R11 provide a small
attenuation to give unity gain between the two outputs when AS and A6 are
in the low gain setting.

5. FILTER UNITS

After anplification by the Filter Interface the noise signal is
processed by a muber of parallel filter channels, each one of which
incorporates a bandpass filter of specified centre frequency, Fc, and dS
bandwidth of Fc/N, where Hi s between 2.5 and 10. The ratio of bandwidth to
centre frequency is increased at low frequencies to increase the

: -~ 10- 1
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statistical accuracy of the noise measurement. The noise component of the
signal withi, the bandwidth of the filter is rectified, smoothed and
converted nto a poise train of frequency proportional to the c.o signal

amplitude.

Figure 1 is a schematic diagram of a filter channel. Amplifiers Al
and AZ provide initial amplification before the noise signal is filtered by
bandpass filter F. The signal path is AC-coupled up to the input of A4 to
eliminate the off-set voltage drift in the amplifiers. Al and F are
preceded by low-pass filters (RI, Cl and R2,C2) with a corner frequency of
approximately BFe. The low-pass filters remove the high frequency
components of the noise signal which may otherwise saturate the amplifiers
or the band-pass filter.

The range of noise measurement which may be performed has been
increased by varying the gain of a~plifxer A2 in the low frequency filter
unIts under computer control. A feedback resistor on A2 may be selected
using an inalogue switch, allowing the gain to be reduced to deal with very
large noise signals which may occur at low frequencies.

The signal gain following F is fixed for all filter channels.
Amplifiers A4 and AS and diodes Dl and D2 form a linear rectification
circuit. The two halves of the rectified signal at P2 and P3 are smoothed
and summed by A7, with a samoothing time-constant of at least 20/Fc, before
being taken to the Voltage-to-Frequency Converter (VFC). The gain of A7 is
approximately five, which is greater than the Form Factor of the unsmoothed
signal at P2 and P3. Thus for a random signal the full-scale output of A7
and the VFC may be achieved while the noise peaks are still in the linear
range of AS and A6.

The VFC generates a pulse train with frequency proportional to the
signal amplitude. The noise signal is averaged by counting the pulses in
scalers contained in the lxcro-couputer Interface for a specified
integration time. The Micro-computer Interface is , modified 6161 MOUSE
modale.

5.1 Operating Dynamic Range

The linearity of the signal response, and therefore operating dynamic
range of the filter units, is limited by the rectification stage. The DC
off-set drift of A4, AS and A6 produces a non-linear response at small
signal levels. In addition, in high frequency filters the finite slew
rates of AS and A6 can introduce distortion into the rectified, but
un moothed, signals at P2 and P3. Non-linearity of less than It can be
achieved over a dynamic range of 100:1 for Pc less than IOKHz, falling to
0:1 for Fc of IOgc. Nowever, the extra switched gain facility for
filtera with Fe greater than 10KHz provided in the Filter Interface allows
the effective dynamic range of the 1OOKHz filter to be 100:1.

The additional variable reduction in gain in filters of frequency less

than IKHz allows measurements to be performed on devices whose noise nay
vary as a function of frequency, at any one operating condition, by a
factor of 100 at frequencies between IKHz and 100KRz and by a factor of
1000 at frequencies less than IKHz.

5.2 Statisticul Accuracy of the noise measurement.

- It is well known that a random distribution of N numbers about some
mean value has a standard deviation from the mean which is proportional to1()

.
Sinilarly, the statistical accuracy of the noise neasureneat
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varies Vick the total number of palses. S, Z -. t by the W'I s n t
counted in the Sealers. ro is dependent Mo the prodnec of the izzetentiom
time and the filter bandwidth, and it has been found that te stan ro
deviat ion of the amplitude neasaremeat of a rauds. noise imp=-. signal "a
be aproximately determined usitg the follovi empirical forsula.

Sd WZ - 5D/(T.Fc)i

where S_ Staodard Deriatioc (Z)
I Integration Time (Sees)

Fc 3d5 t ndwidth of Filter (Oz)

To obtain aequate statistical accuracy is am integration period of only a
few seconds, :he 3dB bandwidths have been chosen to be IOZ of the filter
centre frequencies of ItSz or greater, increasing to =02 for the 102z
filter. For example, a 10 secoend integration period will achieve a standard
deviatios in the measured noise amplitude of approximately 1.6Z at ltz and
8% at 1OHz.

6. CALIRATtD MISS SOEZCE

The requiremest of the calibrated oise source are to pmovide am
accurately defined =d stable white oise source for use in the frequescy
range 10Hz to IOOtz, the magnitude of which is defined to better than 1%
over a dynamic range of 100:1.

It is well kcovn (4,5) that a pseudo-randos sequecce generator may be
formed using shift registers vith feedback via an exclusive OR gate from
t o specific outputs of the registers. Figure 10 is a schematic diagram of
such a circuit. The shift register is clocked from an accurate and stable
crystal generator. In order to provide a calibrated noise source thickexhibits a sufficient degree of randomness for this application, it has
been necessary to mix the outputs of three pseudo-random generators
containing shift registers of specific lengths. Such a cizcuit has been
reported by Vhite(6).

The output of the combined pseudo-random sequence generators is passedthrough a level changer those auplitude is accurately controlled by the
nicro-computer using a Digital-to-Analogue Converter. The amplitude is
defined to better than 1% over a dynanic range of 100:1.

It has been shown by White(6) that the magnitude Eo of the calibratednoise source at frequency F is given by the following forcula;

go - (A/2Fo) Sin ('W F/Fo) / (TV FIFo)

I (A/2Fo) for Fo >> F

-here A is the amplitude of the step waveform and Fo is the clock
frequency of the pscudo-random sequence generator.

For this application a clock frequency of lM~z has been used, and from
the equation above it can be seen that the frequency spectrua varies from
that of a thite noise source at frequencies approaching Daft, the deviation
being 1Z at 100KHz. However this variation is taken into account in the
noise eansurement calculation and no error is introduced.
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The teapliierConroler rovdespo.C. .72iesand cod~:col
signalis to thce- ii, as well as zeeraziaz Other toxic sigmals•

.ti¢3 ¢ogtrol the operation ofg she wilse V;.ipmeat.

Logic signls are transfer red to modles is cbe noise me.asuring

e . csi2g a 16-bi: control bus, and normally they are un.frr the
control og the uicro-conu*er. soverer. occasionally it =2y be usefol to
control zbe equipnt camsally, and for this Purpose ths -mheel switches
are prosided cc the Tre-asplifier Controller wbich can set control codes on
the bcs.

S. MO.Tg S:fll

The i portance of a to,, noise, moias operated proer suppl7 has been
ze-soned earlier. Bib levels of noise in the supply voltages to the
Pre-asplifier could degrade the noise =eare---ent accuracy and linit the
drain corrent eprating range. In order to azhieve sufficiently lo- noise
=d stable D.C. vo&:age supplies, it has been necessity to design a unit

which felfills the requirenents of the analogue and digital circuitry
within the noise measuring equipment. Toltage levels of #1-6=., *1-15" a.d
.3? are supplied.

An internally screened caiss trassformer is equipped with three
secondary windings. Each secondary winding is takem to am A.C. full-wave
rectifier and a chohe-input filter providing high attenuation to 1008z
mains ripple. Stabi!iser circuits provide consta=t output voltages up to
nosunw current linits asd incorporate circuitry for protection .gainst to
oeer-load or short-circuit condition.

Am important feature of the equipment is the isoiation of the earth
r-eturn path fro. the logic circuitry, operated fron +5?, fron that of the
analogue circuits, operated from .1-60" and */-15V. This wiring scheme
nininises the injection of noise from the logic circuits into the sensitive
noise measuring amplifiera. Each module operates with two separate earth
return paths which are joined only at a single coon earthing point in the
power supply.

Logic signals are transferred to nodules in the noise measuring
equipment using a 16-bit control bus, and nornally they are under the
control of the nicro-computer. Bnever, occasionally it nay be useful to
control the equipoent manually, and for this purpose thucb-wheel switches
are provided on the Pre-a=plifier Controller which can set control codes on
the bus.

9. TEHPERATURE CONTROLLED WASUREENTS

Cooled measurements nay be perforned by mounting the device in a
cryostat assaebly which is connected to the pre-amplifier by a co-axial
cable. The device is counted on a platforn %hich is in contact through a
known thermal resistance with a cold finger imaersed in liquid nitrogen.
The temperature of the device is controlled between 79 K and 350°K to
within 1 

0  
by applying heat to the platform through an electrical

resistance, while nonitoring the device temperature with a therno-couple.

The Temperature Controller automatically sets the device to the
required tenperature and a unit similar to the nec used here has beua
reported previously(7).

-13-



10. CO S [ISOS

l0T-ssigztioa Of the sources of lote frequency noise in Fc~s and
selection of devices fSor cse ia Infra-red detection an X and ry
spectrometry require nccurate wose masurements to be made a* devices
shoxe operating coditions can be acurately controlled over a wide range.

A c*Oter controlled noise neasuring equipment has been developed
shich can automatically measure the noise of Fc s, M' and P.1P bipolar
transistors in the temperature range 79

0
K to 35K to an accuracy not

previously attainable. Circuit design features such as dynamic filtering
in the pre-a=plifiers allows the devices operating conditions to be varied
rapidly between noise measurements without loss of neasurement accuracy.
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APPENDIX A

Somae Typical Results

The accuracy of each noise oeasurement is to some extent dependent on
the device characteristics and the current range over which it is being
operated. A complete specification of the noise equipment and its
oeasurement accuracy is given elsewhere(8). Hoever, the absolute error on
a noise measurement is typically less than 22 at 1OOKHS, increasing at low
frequencies to 4Z at 10Hz. The comparative error between different devices
measured under the same conditions is typically less than IZ at 1OOKHz and
2Z at 10H.

The table below shows the result of noise measurenents performed on
some typical devices at roos temperature. The drain voltage is 4V in each
case. The integration tine is 100 seconds, giving a statistical standard
deviation of 312 at 10Hz, reducing to 0.07Z at 100 KHz.

NOISE IN nV(Hz)
"

Drain Frequency (Hz)

Device Current lOOK lOK IK 75K 10

VXIIOI2* 3OA 0.443 0.469 0.736 0.928 1.39

U309 lOA 1,09 1.11 1.12 1.38 2.14

2N4416 4mA 2.18 2.99 4.61 9.37 12.3

BF800 0.3nA 6.43 7.18 10.4 23.3 50.7

-Gate and substrate joined.

TABLE I

Noise measurements performed on some typical devices with 4V drain voltage
and 100 sees integratioe tine.
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APPENDIX B

Noise in the Drain Current Supply Circuit

The drain current nay be considered, for purposes of noise

calculation, in the first instance as being generated by applying a
variable voltage V across a fixed resistor RI. The full-scale value, Im,
of drain current is VolRI, where Vo is the maximum value of V.

The major noise source in the circuit is the thermal noise of RI,
which injects a noise current Inl ito the drain of the device under test.
Inl is given by:-

In - (4KT/R1) A(Hz)
"  

... (I)

Where K is Bolt zann's constant in JK
"1

and T is the temperature in degrees Kelvin.
RI is in Ohms.

Noise in the Pet under test may be generated from a number of sources,
and at low frequencies is strongly dependent on device operating
conditions. However, at all frequencies the Pet noise will never be less
than that due to the thermal agitation of carriers in the channel, which
may be expressed as a noise current in the drain given by:-

Inn - (4KT g0*) I A(Hz)
"  

... (2)

and go - c.(Id) AV
-  

....... (3)

where gm is one mutual conductance of one device,
Id is the drain current supplied,
, and C are constants.

Therefore, from equations 1, 2 and 3, the ratio of noise current fron
the Pet under test to the excess noise current from RI is:-

Ino/lIl - Id* (at % C) ... (4)

. Id (Vo% C/n)
1 

... (5)

Thus the accuracy of the noise measurement is dependent on Vo and the
drain current operating range, that is, the ratio of Id to In. In order to
allow a sufficiently wide range of drain current in each pre-amplhfier
while maintaining the noise measurement accuracy, it has been necessary to
use a value of Vo of 60V.

In practice, the drain current is supplied through three resistors R6,
R7 and R8 shown in figure 7. RE supplies only a small current equal to
the cascode current, and is sufficiently large for its noise contribution
to be negligIble. The eajority of the drain current is supplied through
resistor R7 which makes the mast significant contribution to the noise
signal. when operating at a drain current of 1/20th full-scale, R7 may
increase the total noise measured by 5%. To increase the measurement
accuracy at the lower limit of the drain current dynamic range, a first
order Correction is made in the noise calculation which subtracts the noise
of R7 by estimating the mutual conductance of the device from the IOOK~z
noise o esent. This correction assumes that the equivalent noise
voltage, En, of the device measured at lOOKglz is largely that due to the

-17-
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IT' i-
thermal agitation of carriers in the channel, and is given by:

En - (IKTS/g.) V(Hz)
-

Other sources of noise in the drain current supply circuit are as
follows:- j

(i) noise fro. the +60V supply line,
(ii) the emitter resistance noise and base spreading

resistance noise of T4 and TS,

(iii) noise in T4 and T5 due to finite base current.

Noise from the +60V supply lone may be injected into the drain through
resistors R6, R7 and R8, and it is essential that the supply voltage is
generated fron a relatively low noise source. Additional filtering of the
+60V line is provided in the pre-anplifier.

Capacitors Cl, C2 and C3 provide a low impedance path for the noise
from the filtered +60V supply line to the base of transistors T3 and T4;
this serves to cancel the supply line noise in the currents through
resistors R3, R6 and R7. The value of resistor R8 is sufficiently high for
the noise current injected into the drain from the filtered +60V line to be
negligible. R5 and C3 provide attenuation to any other noise voltage which
may be present at the base of transistor T4 fron whatever source.

The base current noise from the transistor which supplies the drain
current has been reduced by the use of a dual transistor configuration, T4
and T5, which requires only a very small base current in each transistor.
The supply of additional current to the emitter of T4 through resistor R6
results in a lower emitter resistance noise in T4 than would be achieved
with a true Darlington-pair circuit, although the base current noise in T4
is increased. The best compromise between these two noise sources in T4 is
achieved by setting the value of R6 to be approximately 10 x R7. It has
been found that the magnitude of the base current noise at a given
collector current increases at low frequencies, typically an increase by a
factor of five is observed between the partition noise measured at O0gKHz
and 10Hz. However, the use of a dual transistor configuration results in a
negligible contribution from base current noise to the drain current supply
under all operating conditions.

The contribution to the drain current supply from the emitter and base
resistance noise of T4 and T5 is determined by the values of R6 and R7
respectively. The use of a supply voltage as high as +60V allows R6 and R7
to be sufficiently high for this noise contribution to be negligible.
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