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Introduction

The recent rapid improvement of oscillator phase
noise has resulted in significantly more stringent re-
quirements for signal handling equipment. However, in-
formation concerning the phase noise performance of the
two most important types of circuits - amplifiers and
mixers - is often difficult to find.
ples are presented which allow one to estimate the phase
noise performance of an amplifier. Also,techniques are
described which permit one to obtain the best possible
results from the traditional double balanced mixer. A

measurement set-up which has 15 to 25 dB improvement in its gJement.

noise floor is shown in detail to illustrate proper mixer
drive and termination. Although traditional circuits can
with extreme care achieve =-175 dB or slightly better,
this is not sufficient for all present requirements. One
technique to obtain an additional improvement of 10 to

40 dB in measurement system noise is to reduce the mixer

and amplifier contributions to the noise floor by the use
of correlation techniques. A circuit to accomplish this

is discussed along with some preliminary results.

One of the most frequently needed systems in the
study and use of oscillators is the phase-lock loop.
However, since the performance of this system is often
incidental to the ultimate goal of the experimenter, e.g.
the measurement of phase noise, the design of such a
system is sometimes given too little consideration, re-
sulting in unanticipated difficulties and wasted time.
The design of an extremely simpie phase-lock loop which
is suitable for almost all high stability oscillator ap-
plications is discussed with particular attention to the
advantages over more traditional circuits.

1. PHILOSOPHY OF LOW NOISE AMPLIFIER DESIGN

If an amplifier were driven from a noiseless oscil-
Tator, then the output phase spectrum would typically
have a flicker noise region at low frequencies and a
white noise region at higher frequencies. The break be-
tween the two is usually between one and one hundred Hz
and the white noise extends out to the bandwidth of the
amplifier. The source of the white noise modulation can
be identified and the magnitude estimated, but similar
generalizations can not be made for the flicker noise.
Nevertheless, empirical guidelines can be established
which should ensure against unnecessarily poor flicker
noise performance.

Provided that the integrated noise of the
amplifier over its entire bandwidth is small compared to
the signal power, half the thermal noise power contrib-
utes to the phase modulation of the signal. Thus the
spectral density of phase fluctuations due to
noise of the amplifier is

Se(f) = So/2Pg (1)

Some general princi-

where S_ is the spectral density of the noise power and
Py is tRe power available to a matched load. For Johnson
noise, the most common situation,

So=kT=4x10'21J
and the achie&ab1e phase noise performance is -184 dB
below a 1 rad</Hz for a 1 Vrms signal from a 500 source.

In contrast to the white phase noise which is added
to the carrier by the amplifier, the flicker phase noise
is produced by direct phase modulation in the active
It has been found empirically that a transistor
stage which does not use emitter degeneration typically
has phase noise given by S,(f) = 1071! rad®/f. However
the use of local RF negative feedback can reduce this
noise power by as much as a factor of 10%.[1] Passive
elements can also contribute to the flicker phase noise.

Electrolytic, ceramic, and silver mica capacitors and carbon:j

composition resistors can give excessive flicker noise
and should only be used in non-critical locations.

Three design requirements for Tow phase noise ampli-
fier design follow from the above discussion. Firstly,
each stage of an amplifier must incorporate emitter de-
generation to minimize the flicker phase modulation.
Secondly, critical passive components should be examined
for excessive phase noise. Finally, the signal level
must be always maintained at a high enough level to
achieve the desired white phase noise level.

In order to illustrate the influence of this philos-
ophy on the design of an amplifier, a new isolation ampli-
fier is described. This amplifier was developed to pro-
vide a high degree of isolation between very low phase
noise RF signals which are used to compare atomic and

other frequency standards.

I1. WIDE-BAND LOW-NOISE ISOLATION AMPLIFIER

The amplifier shown in Figure 1 is designed to op-
erate from one to several hundred megahertz. In order
to minimize current drain a method of achieving high
isolation which used a small number of stages was
needed. This requirement was satisfied by a cascaded
pair of common base transistor stages, Q. and Q2 A
signal applied to the output port propagates towards
the input through the collector-base capacitance of Qi.
The 2N3904 was selected because of its small output
capacitance, 4 pF. Since the base of Q1 is grounded
through a capacitor and the emitter looks into the high
output impedance of the preceding stage, the signal is
low pass filtered. A second stage of filtering is per-
formed by the transistor Q2 in the same way. It
is also possible for a signal to propagate from the
output to input through the bias chain. Transmission
through this path is reduced to the same level as trans-
mission through the transistor chain by the cascaded Tow
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pass filters. Typical isolation which is achieved is
greater than 120 dB at 5 MHz degrading to 100 dB at 50
MHz.

The common emitter input stage determines the col-
lector current of the transistors. The 279 dc emitter
resistance produces an average collector current of
40 mA. Noise performance is generally best when the
amplifier operates well within the class A region. With
a 500 load this amplifier can produce an output of nearly
1 Vpmg (13 dBm) with minimum distortion. The gain of the
amplifier is determined by the load resistance and the
unbypassed portion, 27q, of the emitter resistance. With
the values shown, the full output swing occurs for an
input of approximately 1.5 V ptp-

The white noise floor which one would estimate for
this amplifier is S, = -184 dB. The measured noise
floor is shown as curve A of Figure 2. The noise floor
appears to be only -174 dB, but since this level cor-
responds to the measurement system noise it can only be
said that the amplifier is not worse than this. The
measured f11ckgr phase noise of the amplifier is

= 10-1% rad"/f. This performance level is reached
b cause each transistor has a reasonable amount of local
RF negative feedback. The emitters of Q; and Q, both
look into the high dynamic impedance of the preceding
stage while the emitter of Q3 has the unbypassed 27¢
resistor. For a given application, this unbypassed re-
sistor should be made as large as possible, limited
only by the necessity of having full output voltage
swing.

In addition to achieving low noise levels it is
necessary to minimize microphonics and pickup of power-
1ine frequencies and other signals. For this reason, no
use has been made of filter inductors or coupling trans-
formers. It is also possible that temperature changes
could cause sufficient collector current variation to
degrade the flicker performance. As a result, the
diode has been included in the bias chain to further
stabilize the collector current. It should be placed in
physical contact with transistor Qs. The amplifier has
been constructed on a double sided printed circuit board
measuring 3.25 c¢cm x 9 cm. The art work for this circuit
board is available from the authors.

IT11. DOUBLE BALANCED MIXERS AND PHASE
NOISE MEASUREMENT SYSTEMS

The most common and also most sensitive method of
measuring phase noise is to use a double balanced mixer.
If the input ports are driven by quadrature signals,
then the output voltage is proportional to the phase
deviation of the input signals from the quadrature con-
dition. The spectral density of the phase noise can be
calculated from the very simple expression

v (£)] 2
-|1.n
o 1)

where V2 (f) is the noise density in units V2/Hz at the
output of the mixer and Vg is the sensitivity of the
mixer in V/rad.

(2)

A variety of circuits for the measurement of phase
noise have been discussed extensively in the literature.
Here we will look closely at specific problem areas
common to all circuits using double balanced mixers:
components, input drive levels and output termination.
Data are presented which show that proper treatment
of these details results in a 15 to 25 dB improvement in
the performance of phase noise measurement systems.

Figure 3 shows a typical double balanced mixer.

The best performance has been obtained with units which
use hot carrier diodes in the ring. Some differences may
also result from the type of transformers in the coupling
circuits. The noise observed at the output of the mixer,
consisting of mixer and amplifier contributions, is nearly
constant over a range of input power level. However, the
output signal, proportional to the phase fluctuations,
increases with the drive power. The best signal-to-noise
ratio for Fourier frequencies in the white noise region
is obtained at very high drive levels. For one type of
mixer, using a single diode in each arm, the best noise
floor was obtained with approximately 30 mA rms current
at each input. This drive level exceeded the manufac-
turer's maximum drive current specification. The optimum
drive is not necessarily the same for all Fourier fre-
quencies. The same mixer performed best below 40 Hz at
lower drive level. Since such a double balanced

mixer is a dynamic impedance the average drive current
does not sufficiently describe the operating conditions.
The optimum method of coupling to the mixer also depends
upon the output impedance of the signal source. Although
the use of 500 pads to attenuate the drive level is tradi-
tional, a series resistor whose value is chosen to set
the desired current often gives superior performance.

The improvements which are observed may be due to reduced
ringing of the drive currents.

The signal-to-noise ratio at the mixer output is also
affected by the type of termination used. Since the mixer
has a low output impedance, near 50Q, the dc termination
must be high impedance compared to 50Q. Failure to ob-
serve this may result in 6 dB or more loss in signal level.
However, it has been determined empirically that the mixer
must be terminated differently at RF.
Figure 4 the impedance to ground at the output of the mixer
is 1 ki at dc and approximately 507 at 10 MHz. The net
result of the high drive level and the output termination
is illustrated in Figure 5, which shows the beat frequency
between the two osc111ators in Figure 4 at low drive
level (sinewave) and high drive level (clipped waveform).
The slope of the clipped waveform at the zero crossings is
more than twice the slope of the sinewave. It follows
from Eq. (2) that the noise floor is improved more than
6 dB by this technique. The increase in slope is not real-
ized without appropriate termination, but the optimum cir-
cuit has not been determined. The noise floor achieved
with the circuit of Figure 4 is shown in curve C of
Figure 2. The spectral density of phase is -150 dB at
1 Hz and drops to a floor of -176 dB.

Several other special circumstances may occur. One
may wish to measure the signal from a device which has
insufficient output power to drive a double balanced
mixer. Figure 6 shows a simple buffer amplifier which
may be used under the circumstances. In keeping with the
stated philosophy of ampiifier design, this circuit can
drive a mixer with a nominal 509 input impedance with a
1 Vems Signal in class A operation. The mixer input im-
pedance appears as an unbypassed 2009 in the emitter
circuit which results in excellent flicker noise perform-
ance. As shown in curve B of Figure 2, the spectral den-
sity of phase is -149 dB at 1 Hz and falls off to the
noise floor of the measurement system. The 10 dB improve-
ment in flicker noise over the previously described
isolation amplifier is probably due to the greater emit-
ter degeneration or lower intrinsic flicker noise in the
2N5943 transistor compared to the 2N3904 or both. The
2N5943 was suggested for use in this circuit by Charles
Stone of Austron Inc.

If the device being tested is capable of more output
power than a standard double balanced mixer can accept,
then it is possible to achieve even lower noise floors.
Provided the driving voltage exceeds about 1 Vppss it is
possible to use a high level mixer. Such a device has
more than one diode in each leg of the ring and is there-
fore able to achieve higher output voltage without a
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corresponding increase in the noise. The circujt dia-
gram of the mixer in Figure 3 shows two diodes in gach
leg. Using a mixer with three diodes per leg a noise
floor of -184 dB was achieved with a drive level of
1.6 Vpms. If the oscillator's output impedance is low
but the voltage is insufficient to drive a high level
mixer a step-up transformer can be used to obtain the ap-
propriate drive voltage. Since the signal and noisg
power increase by the same ratio, the spectral density
of phase of the device under test is unchanged but the
noise floor of the measurement system is reduced.

IV. CORRELATION TECHNIQUE

With all of the improvements described the tradi-
tional double balanced mixer phase noise measurement
system is unable to resolve the noise floor of the best
oscillators and amplifiers.

If times 20 or more frequency multiplier chains with
noise levels 20 dB below that of the measurement system
shown in Figure 2 were available, then that would solve the
present problem. So far we are unaware of such multi-
plier chains, although some prototype multiplier chains
show white noise floors 5 to 10 dB below Figure 2. It
would also be convenient if the measurement system were
broadband so as to accept carrier frequencies from ap-
proximately 1 to 100 MHz. Figure 7 shows the block
diagram of a phase noise measurement system which is in-
herently very broadband and also has the capability of
improving the measurement system noise by at least 20 dB.
It consists primarily of two equivalent traditional phase
noise measurement systems.

At the output of each double balanced mixer there
is a signal which is proportional to the phase differ-
ence, Ad, between the two oscillators and a noise term,
Vys due to contributions from the mixer and amplifier.
The voltages at the input of each bandpass filter are

Vi(BP filter input) = A; a¢(t) + CyVy,(t)

V,(BP filter input) = A, ae(t) + CoVya(t)

where Vy(t) and Vy,(t) are substantially uncorrelated.
Each bandpass filter produces a narrow band noise func-
tion around its center frequency f:

V1(BP filter output) = Al[qu(f’)]!i 31% cos [2nft + ¥(t)]
+ CyISyNy ()1 By cos [2nft + ny(t)] (@)

L X
V,{BP filter output) = Az[s‘p(f)]2 B, 2 cos [2nft + ¥(t)]
+ Cz[Svnz(f)];'2 leE cos [2nft + n;(t)]

where B, and B, are the equivalent noise bandwidths of
filters 1 and 2 respectfully. Both channels are band-
pass filtered in order to help eliminate aliasing and
dynamic range problems. The phases ¥(t), n,(t) and nz(t)
take on all values between 0 and 27 with equal T1ikeliZ
hood. They vary slowly compared to 1/f and are substan-
tially uncorrelated. When these two voltages are multi-
plied together and low pass filtered only one term has
finite average value. The output voltage is

Vit = V2 AR, S (F) BB,% + D <cosy(t) -nl(t)lzs)

+ Dy<cos[¥(t) - n,(t)]> + Dy<cos[n (t)-n,(t)]>.

For times long compared to i?.l'%Bz'l‘E the noise terms D;, D,
and D, tend towards zero asyT. Limits in the reduction
of thése terms are usually associated with harmonics of
60 Hz pickup, dc offset drifts, and nonlinearities in

the muitiplier. Also if the isolation amplifiers have
input current noise then they will pump current through
the source resistance. The resulting noise voltage will

2N

appear coherently on both channels and can't be distin-
guished from real phase noise between the two oscillators.
One half of the noise power appears in amplitude and

one half in phase modulation.

Curve A of Figure 8 shows S,(f) for the mixer and
dc amplifiers in Channel 1 and 2 when used separateiy.
The mixers in this case have three diodes in each leg
instead of the two shown in Figure 3 and are driven
with approximately 5 Vy4, at 5 MHz from 109 source im-
pedance using 33q series resistors. Curve B Figure 8
indicates the correlated component of this noise between
the two channels. In order to predict performance in a
specific measurement using this scheme, the noise level
of the isolation amplifiers used would have to be added
to Curve A and proportionately to Curve B.

The above data clearly indicate that significant im-
provements over any presently existing phase noise meas-
urement system can be obtained using correlation tech-
niques. Such improvements are vitally necessary in order
to measure present state-of-the-art signal processing
equipment and to test future components and circuits.

The simple single frequency correlator used in this ex-
periment could be replaced by a fast digital system
which would simultaneously compute the correlated phase
noise for a large band of Fourier frequencies. Ultimate
noise floors could probably be reduced 40 dB below the
noise level of a single channel.

V. PHASE-LOCK TECHNIQUES

One of the most ubiquitous elements of phase noise
measurement systems is the phase-lock 1oop.[2,3] When
the phase noise of a pair of oscillators is measured a
phase-lock loop is normally used to maintain a condition
of approximate phase quadrature. For accurate measure-
ments it is necessary to keep the phase error less than
about 1/6 rad despite any initial frequency offset be-
tween the two oscillators or any frequency drift during
the course of the measurement. The phase-lock loop is
usually the most neglected element of the measurement
system because its purpose is only tangential to the
measurement reguirements. As a consequence it often
performs marginally. In this section the requirements
for a phase-lock system are discussed and an extremely
simple yet elegant circuit is presented which more than
meets these requirements.

A specific example illustrates the problem: Design
a feedback loop to lock a 5 MHz VCO to a reference os-
cillator with a unity gain frequency of .16 Hz and cal-
culate the open loop frequency difference for phase error
of 1/6 rad. The VCO has a tuning rate of 5 x 1073 Hz/V
and the phase deviation from quadrature. One solution,
the first order phase-lock loop, is shown in Figure 9.
The 500 resistor and 0.1 uF capacitor are for proper ter-
mination of the mixer and do not contribute appreciably
to the frequency response of the phase-lock loop. The
open loop gain of this servo is

2 (5x1073 Hz/V) (0.17 V/rad) Gam

@)

(6)

Gservol®) = o

-3
5.3x1079 6, ()
Ju

where Gamp(w) is the frequency response function of the
amplifier. For the first order loop the amplifier has
constant gain and the open loop gain of the servo system
falls off at 6 dB/octave at all frequencies as shown in
the dashed curve of Figure 10. This type of response
results from the fact that a phase error measured at the
mixer is corrected by changing the frequency of the VCO,
i.e., the feedback loop contains one inherent integration.



. ISOLATION AMPLIFIER

To produce a unity gain frequency of 0.16 Hz, or an +24ve42mA
attack time of one second, requires amplifier gain of 185. C
The loop produces negligible correction for Fourier fre-
quencies greater than 1 Hz and may therefore be used to
make phase noise measurements in this frequency range.
The open-loop frequency offset which corresponds to a 1/6
rad phase error is

(176 rad) (0.17 V/rad)(5 x 10~3Hz/V)(185)
2.5 x 1072 Hz

Av
(7)

or only 5 parts in 102 at 5 MHz. [t is often difficult
to achieve and maintain such a small frequency offset.
However, the following circuit increases the dc gain of
the feedback loop by 105 and decreases the phase error
proportionally, The improved performance is achieved by
adding a stage of quasi-integration which makes a second
order loop as shown in Figure 11. The first stage of
amplification is the same as in the first order loop.

The second stage has gain equal to R,/R, for Fourier
frequencies larger than 1/{2"R;C;). "If R,C,exceeds
the attack time of the first order loop the new phase-
tock loop is stable. It is critically damped when
R,C,is approximately four times the attack time and
has good step response for R,C;between 1 and one and
five times the attack time. The solid curve in Fig-
ure 10 is the magnitude of the open loop gain of the
second order loop assuming Ry = R,. Figure 12 compares
the step response of a first order loop to that of a
second order loop with R;C;equal to the attack time.

The second order loop increases the long-term gain
by the open loop gain of the second operational ampli-
fier provided that the leakage resistance, R, of the
capacitor is sufficiently large. The open 1Gop fre-
quency offset between the two oscillators which can be
tolerated is therefore increased to a limit determined
either by the maximum voltage swing of the second amp-
1ifier or the maximum tuning available in the VCO. The Fig. 1 Schematic of 1 MHz to 200 MHz isolation amp-
second order loop can be implemented with a single op- : 1ifier. The isolation is -120 dB at 5 MHz.
erational amplifier rather than the two which were shown Art work for this amplifier is available from
for clarity. In this case the attack time is adjusted the authors.
by varying the input resistor, R,, of the operational
ampiifier, A, and omitting amplifier A; in Figure 11.
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Fig. 2  Spectral density of phase, S,(f), for A) the
jsolation amplifier of Figure 1 at 5 MHz,
B) the buffer amplifier of Figure 6 at 5 MHz,
C) noise floor of the measurement systems of
Figure 4 with a single diode mixer.
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PHASE NOISE MEASUREMENT SYSTEM
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Fig. 4 Typical system for measuring S¢(f) of a pair
of equal frequency oscillators. Noise floor
for this system is shown in Figure 2, curve C.

Fig. 3 Schematic of a double balanced mixer. This
particular mixer is shown with two diodes in
each leg.
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Fig. 5 Filtered waveform at the output (x port) of ouTPUT
double balanced mixer due to frequency dif-
ference between signals at R and L ports. The —0
solid curve is obtained at high drive levels __[_
wh!le the dashed curve is obtained at low - -
drive levels. Fig. 6 Very low noise buffer amplifier which can be

used to drive_mixers. The noise performance
is shown in Figure 2 curve B.

PHASE NOISE MEASUREMENT SYSTEM USING CORRELATION TECHNIQUE
150 AMP

DOUBLE -BALANCED BANDPASS
MIXER J1 FILTER #1

MPLIFIER 11
YOLTAGE LOW PASS|
Ewu R FILTER ousPuT

Fig. 7 Block diagram of a new phase noise measure-
ment system which is broadband and features
low noise.
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Fig. 8 Curve A shows S,{f) for each channel of the
measurement sys%em of Figure 7 excluding the
isotation amplifiers. Curve B shows the cor-
related component of S, (f) between the two
channels. ¢

SECOMD ORDER PHASE-LOCK LOOP
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Fig. 11 Second order phase-lock loop. The attack time
is adjusted by changing gain as in Figure 9.
120 The time constant R ,C is adjusted to be 1 to 5
times longer than the attack time.
= 100 12 dB/OCTAVE
2 80 PHASE-LOCK LOOP STEP RESPONSE
e R,
w N
s’ 60 N
N SECOND ORDER LOOP
40~ 6 4B/ w
OCTAVE 7] ~— —
E - ‘bl
201 - _\-an ORDER LOOP
0 1 )
.0001  .001 .01 .1 1 ? TIME
mesPE
Fig. 10 st
Fig. 12 The dashed curve shows the response of the
The dashed curve shows the open-loop gain of first order phase-lock loop of Figure § to
the first order phase-lock loop of Figure 9, a phase step, while the solid curve shows the
while the solid curve shows the open-loop response of the second order phase-lock loop
gain of the second order phase-lock Toop of of Figure 11, with R C,= the attack time.
Figure 11.
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