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Underwater acou&t{éjmeasurements often require wide-band
sensing devices having very low self-noise levels, egpecially at
ultrasonic frequencies, The field-effect transistor (FET) pre-
amplifier described in this report makes possible an approxi-
mately 10-dB reduction in self noise, as compared with the best
available preamplifier using other amplifying devices.

Design and development of the low-noise field-effect tran-
sistor preamplifier were performed at the Naval Undersea War-
fare Center {formerly Naval Ordnance Test Station) under Bureau
of Naval Weapons Task Assignment RUTO-3E-000/2161/F108-
03-08 (Problem No. 115). Preliminary measurements on field-
effect devices werza begun in June 1965; evaluation of prototype
preamplifiers was begun in December 1965, This report describes
preamplifier circuit design and performance and was reviewed for
tethnica} gccuracy by Guy J. Andrews and A. G. DiLoreto, Ph.D.,
of this Ce&er.
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PRCBLEM

Desigr 2 low-noise, field-effect transistor
{FET? preampiifier, and give criteriz fort
low-noise operation of reievart FET Sevices.

RESTLY

Used in conpncticn with 2 hydrophone _aving
2 sensitivity of —-82 dBV/ubar and 2 capacitance
of 60 p¥, the preampnlifier fescribed here pro-
vides & measuring system having a seli-nalss
thresholé approximately 13 &2 beiow Sez Siaie T

{from jess thar 106 Hz io neariy the thermal iimi2

At the same time, DC bias st2bilily is maiztained
between §°C anc 50°C, and woilage gain is £ €38
with frequency response esseztialily flat from

1 Hz to ! MHx. Iaput impedance is approxcately
1,000 MQ at low irzguencies and impul capacitarce
at uitrasonic frequencies is approximately 3 pF.

-

RECOMMENDATIONS

Since the preampiifier oise is prTmarily Zo-
penderni on the noise proprriies of the FET, the

performance of this cireni? cooid be 2

iz © improved ¥y
substituting improved FET devices as Ther e
corme availabiz.
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The Hminatons forrmeriy inherent in available preamplifiers

tave iorced sericus comnpromises in hydrophope periormance, es-
pecially whes smi!iﬁi?, iarge bamdwidth, m&irecﬁemlity, and
Iow ooise were Tesired simmsitereomsiy. Iz suckh cases, the
prearnpiifner Bas remaized He ;rzaczaz. Hmit oo measurement
reshnid 33 andic fresuencies. Ite atven: of iow-ooise, lcw-

-

impvst.capRciianes Jﬁa&iﬁ-tﬁt&? tra=sistors {FETs}, bhowever, makes
possitSe—for 3 gives razsfucer impedinces—an osrier-cf-magnitude

Imgsrovenen ai e auiic Ireguencies, as compared with previcss
preammsiifiers These FET's aisc permit comparable peviormance
a: =Tascroc {reguencies This is showr in Fig. 1. the curves of
whick Semowstrate tat the eguivaisst irput ooise of the FET

I3r isss semsalive Ix ImUTeasizg tricsdocer imgeéaace!%az:t&’cf

w Epoiar IImpecTiom? ivassiglor. These rsc propeyiies of FET
m‘str.zh Mﬁ&t&%{ﬁ&ﬂ;&:}’m’mém-
imeped —3n3 thersfsre highsr vollage semsitivity, oiber faciors
::e:é::—g comai—uwihort #r excesdive raide in ampiifier obise ievel
The ressi i 2 Erdrophooe -ampifer commbization that is comsider-
2%iy Toproved swer the wicle Tualle spesirmm, as far as meas-
nrememt Loreshoid is oonoermed Eeg’ewc 1 discusses the avail-

zbir rafectis *:em Figure Z shows the eguivalen! noise
sresETre specirosm of ome W proampiifier comiization

Ceormpared = the ben? ticw tried with a bipolar {imrectiom)
tramsisisr srermpiziier, agm;;sgmztcg=mem
o=f 32 lzast ID£E 22 ac8c iregmemsies, with samme Imnprovement at
a¥rzorms Ireguencies
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Fiti. 7, Equivalent Noise Pressure Spectrum of Hydrophone Having Constant
Sentitrvity of ~-8C d3V per pbar 204 Capacitance of 60 gF,

CRITERIA FOR LOW-NOISE OPERATION :
OF THE FE7T

The measurement and characterization of FET noise is discussed C.
in Ref. 2, 3, and 4. It shouic be remembered that, in the cace of a
ferroelzactric transducer operating well below rescnance; the generator
impedance appears mainly capacitive. For this reason it will, in
geuneral, be impossible to optimize the generator impedance at more
than one frequency for a particular amplifier. One approach, as
demonstrated ia Fig. 2, is to make the equivalent noise pressure
spectrum of the hydrophone-preamplifier combination narallel to the
slope of the owest azoustic spectrum it be measured (in this case,
the Knudsen Sea State 0 curve). At frequencies approaching trans-
ducer resonance, or at which the directivity factor is not unity, the
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curve of Fig. Z must be corrected. In the care of a small, wide-band
hydrophone, however, the carrection may act be appreciable below
frequencies at ‘which the therrsal agitation of water becomes the con-
trolling limir on measuremenc.

Laboratory measurements in advance of the circuit design con-
firmeud the following criteria for low-noise operation of the FET in
the frequency region where the device noise exhibits a 1/£ relationzhip:

1. Other factors being equal, n-channel FET devices are irher-
entiy quieter than p-channel devices, becanuse of greater carrier
mobility

4 2. The DC bias point must be chosen to maximize the device trans-

: conduciance; i. e., with Vg approximately zero and I relatively

high, so that operatiion is in the “pinch-off" or ''drain-saturation"

rzgion {¥ig. 3)

The gate-biasing resistor should be much larger than the trans-

ducer impedance at any frequency <f interest, so that no signifi-

cant dissipative element is added tc the input circuit

3 4. Any un-bypassed resistance in the source lead must be kept
small, as its effect is to add thermal noise in series with the
input .

5. The open-loop gain of the first stage must be large so that the
noise contribution of the second stage is negligible

w

These criteria are satisfied by the circuit of Fig. 4a.

5.0 o
Ohmic

4.5 j~ region} "Pinch-off::gx-'ﬁ’_____._——- VGS-OV

.. ad 2 2 3 =+ 3 1 $ i 3
0 2' 4 6 8 10 12 14 16 18 20
A

FIG. 3. Typical Drain Characteristics (Type UC 240 FET).
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CIRCUIT DESIGN

The preamplifier circuit may be reduced to its basic concepts by
cpening the over-all feedback loop and considering the three parts
shown in Fig. 4b: (1) the FET, T;, operating in the common source
mode; (2) # unity-gain voltage amplifier consisting of bipolar tran-
sistors T, and T3; and (3) bipolar transistor T, operating in the com-
mon emitter mode., Closing the over-ail loop sets the voltage gain at
6 dB by inverse feedback from the collector of T4 to the source of Ty.
Since ncgative feedback docs not alter the inherent .i0ise properties of
an amplifier, it is convenient fur purposes of understanding circuit op-
eration to consider the amplifier in its equivalent open-loop condition.
Furthermore, criteria established for low-noise operation of an arpli-
fier without feedback aiso hold for an amplifier with feedback, provided
that (1) the thermal noise and loading effects of the feedback network are
takc.. into consideration; and (2) the feedback phase is correct {i. e.,
amplifier amplitude response is flat) over a band considerably greater
than the desired signal bandwidth. If (2) is not fulfilled, the signali-to-
noise ratio within the signal bandwidth can be seriously degraded. Gain
peaks may appear at noise frequencies outside the desired band High-
level noise outside the band will be only partial rejected because of the
finite slopes at the edges of the passband. High-level noise outside the
band can alec appear within the band as the result of nonlinear effects
(e. g., intermodulation) in the amplifier.

Besides the requirement for lowest possible noise, the following
features were desired:

1. DC bias ctability from 0 to 50°C

2. 6-dB voltage gain (feedback controlled)

3. Flat response from 10 Hz to 100 kHz

4. Input impedance 500 MQ (minimum) at low frequencies

None of these presents a special problem when the circuit of Fig. 4a is
employed.

The FET selected is the UC 240, an n-channel device having low-
noise properties specified over a wide range of input circuit impedance
(such as that encountered in broadband, omnidirectional hydrophones).
The gate-biasing resistor (Ry) sets Vg at very nearly 0 volt. A
v 'ue of 1,000 MQ was chosen for R;, since the use of hydro-

} »nes having a capacitance as low as 15 pF was contemplated. This
is a rather high value for such a resistor, burt bias stability is easily
attained, since operaticn is in the flat portion of the drain character-
istic (Fig. 3), well above 'pinch-off." In this region, m . t, itis
possiblz to operate successfully over a large tomperature range with-
out using an external gate-biasing resistor {Kef. 2). Total gate leakage
current for the UC 240 is specified as 10"10 A {maximum) at 25°C and
Vgs = =30 volts. However, since the gate-source junction has approxi-
mately zero voltage across it, and the gate-drain junction no more
then 8 volts, it appears that about half the specified value of Igg5 {maxi-
mum) would be conservative. Thus, with Ry = 1¢?, V5 could be as
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great as +0.05 volt at 25°C or +0.2 volt at 50°C. The latter condition
would prcbably not be encountered in 2 hydrophone, but even then the
FET would function satisfactorily as a small-signal amplifier, since
appreciable gate current is not drawa until the gate-scurce junction is
forward-biased by about 0.3 volt {Ref. 3).

The drain current is free to change with temperature, bat the
change is less than *10% over the range 0 to 50°C, and its effect on
the circuit voltages is minimized by keeping the DC value of drain-
load resistance (Rz) fairly small. Since operation in the 'pinch-off"
region is required, it is necessary to choose R, to suit the Ipgg value
of each FET. Fortunately, the exact value of Vpg does not affect
noise performance as long as it is greater than or equal to Vp
{(Vp = 5 volts maximum in this case), so that a particular value of
Ry will suffice for a range of at least 2-to-1 in Ipgs.

R4 (200 ohms) does not enter significantly into the FET bias con-
siderations. Its purpose is to provide a means cf inserting negative
feedback (seource bootstrapping} when the over-all loop is closed. It
is fairly small compared to the minimum equivalent noise resistance
of the FET (in this case typically 1 kQ), and therefore adds little

noise to the input circuit.

Transistors T2 and T3 comprise a unity-gain ampiifier that serves
several purposes. First, it bootstraps R; so that the AC drain-load
resistance for Ty is high, allowing high cpen-loop gain fur the first
stage; at the same time, it establishes a DC voltage at the junction of
R and R3, thereby stiffening the drain bias point of T;. The ampli-
fier also establishes the DC bias point of T4, and provides power gain
to couple the signal from the drain of T; to the base of T4. The pair
T2-T3, for practical purposes, may be thought of as a high-quality
emitter-follower (i. e., one whose properties surpass those of the
Darlington configuration). The circuit is described in detail in Ref. 5.
T, is biased for low-noise operation {Ic~30pA), while T3 is biased at
a current comparable to Ipgs of Ty, so that it is capable of maintaining
the DC voltage at the junction Rz -R3 despite appreciable changes in Ip. -
If R, is raised to accommodate those FET's that have low values of '
Ipss» R3 should be increased by about the same ratio to prevent T3
from having to pass more current than necessary.

Transistor T4 is a conventional common-emitter amplifier, whose
collector-load resistance is divided in two, with half of it (R4) con-
nected in series with the source of Ty to provide a closed-loop voltage :
gain of 6 dB from the gate of T; to the collector of Ty.

AC stability at band-edge frequencies can be a problem with cir-
cuits of this complexity, espccially when input or output terminaticus
are reactive. The approach taken to achieve stability in this case was
the common one of making one rolloff predominate at each ¢nd of the
band. The predominant low-frequency rolloff is due tc Rg versus Cy,
about 10 Hz. The predominant high-frequency rolloff is due appoxi-
mately tc the dynamic drain resistance of T;(dVpg/dip for constant

-
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Ves, order of 30 kQ1} in parallel with thc much higher bootstrapped
value of R, versus C3, about 60 kHz. In the application for which it
was designed (Ref. 1), the preamplifier input is connected to a hydro-
phone, which is not cnly reactive bt changes its reactance widely in
the vicinity of resonance. With the indicated value of C3, however, it
has been possible to use a variety of hydrophones without introducing
high-frequency instability. The output of the preamplifier ia normally
connected through RC bard-limiting networks to a 20-dB balanced
amplifier that drives the underwater cable. it is not recommended
that this preamplifier be used to drive a cable directly, even though
its output impedance is low, because the reactive loading could cause
high-frequency instability.

PERFORMANCE

The main effort was spent cu laboratory measurements to determine
the most effective means of operating an FET ae a low-ncise amplificr
for small hydrophones. This circuit was designed in accerdance with
the previously described approaches combined with simpli{ying approx-
imations; no claim is made that it represents an "optimum configura-
tion." It is the author's opinion that exact analyses of circuits of this
complexity serve little purpose. Not only is the work time-cornsuming,
but so many approximations have to be made to obtain tractable solu-
tions that it is frequer.tly impossible to decide whether a given solution
is valid.

Modern computer techniques make it possible to perform linear
analysis of circuits such as the one described, but ~are is required to
see that the models used incorporate all the necessary parameters., It
is also mandatory to make detailed laboratory measurements of each
active device 2t its in-circuit bias point, since most parameter varia-
tions with bias condiiions are not usuaily given in tiansistor data sheets.
Furthermore, some knowledge of the parameters' statistical distribu-
tion among transistors of the same type is required, so that several
sets of measurements must be made. When design time is limited, a
pragmatic, experimental approach can be used.

In this case, a computer analysis is in progress, primarily for the
purpose of testing the ability of the program to handle a circuit of this
type, but also to check the adequacy of the transistor models.

Once it was determined that the FET could meet the noise require-
ments, it was necessary only to add circuitry to provide the feedback-
controlled gain, flat response, and bias stability that are required of
a practical amplifier and, at the same time, avoid degrading the noise
performance of the FET. This effort succeeded, since the equivalent
noise resistances measured with the complete preamplifier were at
least as low as those measured in the labcratory test circuit.

As incicated earlier, it is necegsary to preserve carrect phase
response over mcre than the required signal bandwidth to prevent

8
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the negative feedback from degrading the noise performance of the FET.
This means that the amplitude response will be far greater than that
actually required, or desired, for the signal bandpass. Such is the
case withk this amplifier (Fig. 5). Simple resistance-capacitance (RC)
networks ahead of the cable-driver amplifier ordinarily limit the signal
bandwidth to about 25 Hz to 200 kHz (-3-dB points}.

*» T T +90 (Lag)
0 o + Ar-—4 0
-5 |- -t 90
—10 | Cein Phase ~ ~180(Lead)
L) =15 1 1 -]
g Tou 1 10 100 3
L) Frequeacy, He &
g 8
3 +10 +180(Lag) .g
2 45| -4 450 &
0 ..Av 0
Gai - -
o Driving sources 62 pF in " %0
<10 - series with 100 | ~180(Lead)
5 -15 L 1
E 0.1 1 10 100
k Frequency, MHz

FIG.S5. Preamplifier Gain and Phase Response.

Typical transient response and cverload recovery characteristics
are shown in Fig. 6 and 7, respectively. The 10-volt peak-to-peak

Amplitude, V
s 4
n ow

-]

5

Time, psec

FIG.6. 100-kHz Squire-Wave Response.
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FIG. 7. Overload Recovery.
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input pulse in Fig. 7 represents nearly a 40-dB overload relative to the

intended maximum signal level, as determined by saturation of the
cable-driver amplifier.

The input resistance, measured at low frequencies (on the order of
100 Hz) is approximately 1,000 MQ, and the input capacitance,

measured at ultrasonic frequencies (on the order of 40 kHz), is about
5 pF«:

COMNCLUSIONS

The result of this project has been to produce a preamplifier yield-
ing performance superior to those previously available. It has been
used successfully in the field for nearly two years with various high-
impedance hydrophones covering the band from about 10 Hz to 150 kHz.
It makes practical a 100-kHz-bandwidth hydrophone-prearnplifier sys-
tem whose self noise is 10 dB below Sea State 0 ambient pressure
from under 100 Hz to nearly the thermal noise limit., At the same
time, it allows the use of a hydrophone small enough to preserve
omnidirectionality up to approximately 30 kHz.

The other design objectives were met or exceeded. DC bias
stability is maintained hetween 0°C and 50°C and voltage gain is 6 dB
(20.5 dB) from about 1 Hz to 1 MHz. Input impedance is approximately
1,000 MQ at low audio frequencies, and input capacitance at
ultrasonic frequencies is about 5 pF. Thus the preamplifier is suit-
able for use with very-low-capacitance (high-impedance) hydrophones.

Since the preamplifier noise is primarily dependent on the noise
properties of the FET, the performance of this circuit could be im-
proved by substituting improved FET devices as they become available.
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