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Abstract

Measuring the phase fluctuation between a pair of low-power microwave signals,
the signals must be amplified before detection. In such cases the phase noise of the
amplifier pair is the main canse of 1/ background noise of the instrumnent. This
article proposes a scheme that makes amplification possible while rejecting the
close-in 1/ {flicker) noise of the two amplifiers. Neise rejection, which relies upon
the understanding of the amplifier noise mechanism, does not require averaging.
Therefore, our scheme can also he the detector of a closed-loop noise reduction
system. The first prototype, compared to « traditional saturated mixer system
under the same conditions, shows a 24 dB noise reduction in the 1/ f region.

1 Introduction

Phase noise is conveutionally described in ferms of the
power spectral density 5,.(f), which refers to the rep-
resenitation v(t) = V[l + a(t)] cosfwat 1 w(t]]. (t)
and «(t) are the phasc and amplitude fuctuations,
wy = 2wy is the carrier angular frequency, and f is
the Fourier trequency. [t is a common practice to mea-
sure i(f) with a double-balanced Schottky-diode mixer
as the phase-to-voltage converter, comparing the signal
to a reference. Yet, the mixer nceds power to satu-
rate, and amplification becomes necessary i the sig-
nals are simaller than 0-5 dBm. In the case of signals
distributed over optical fibers, for example, the out-
put power of a photodetector can be —20 dBm or less,
requiring further amplification before they are fed to
thie mixer. The quartz resonater, which has a typical
dissipated power ol —2{) dBwm, is second example of
low-power application. A [urther examyple is the whis-
pering gallery resenator, thal can be used at a power
ag low as =00 dBm when the medinm-term stability
{10% 8) is relevant. Of conrse amplifiers flicker, which
turns out to be the main measwrement limit at low f.
This limit is even more severe il hoth the signal and the
reference must he amplified. We ohserved that the 1/ f
noise of both amplifiers can be eliminated using an in-
terferometric (hridge) scheme instead of the saturated
mixer. In pragmatic terms the hlock diagram clianges

very little: a hybrid junction, which generates the sum
and the difference of the two input signals, is inserted
hetween the sources and the amplifier pair.

Before getting into technical topics, we wish to make
clear that our approach is only effective with flicker
because it exploits the parametric origin of this type of
noise. Accepting this limitation, this article analyzes
only the flicker noise.

2 Flicker noise in amplifiers

Understanding the close-in flicker noise in microwave
and RI* amplifiers starts from the simple observation
that the output spectrum is of the white type—flat in a
wide frequency range—when the carrier power is zero,
and that the close-in noise becomes visible when a sut-
ficiently large carrier signal is present at the amplificr
output (Fig. 1). Observing with a spectrum analyzer
the output an amplifier input terminated to a resitor,
there is no reason for close-in excess neise to appear,
around any frequency. The obvious consequence is that
the close-in flicker noise results from a parametric effect
by which some near-de flicker phenomena modulate the
carricr in amplitude and plase.

The simplest model for the noise up-conversion is a
nonlinear transfer function truncated to the 2nd order

v, (1) = ayvi(t) + agui(t) +... (1)
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Figure 1: Parametric up-conversion of near-de noise is
the mechanism responsible for the close-in noise in RF
and microwave amplifiers.

in which the analytic input signal
Uy (t) = V‘irlus f’ju”t -4 ‘.Vl"(t) + j?‘LH(t) (2)

contains the carrier and the internally generated near-
de noise. The latter is written as n(t) = n/(t) -+ jn"{t),
where the real part »'(¢) modulates {he amplitude, and
the imaginary part jn'(t) modulates the phase. Rather
than being casy-to-identify voltages or currents, n’(#)
and n"{t} are abstract random signals that also ac-
counts for the efficiency of the modulation process.
Combining {1) and (2) and selecting the terms close
to the carrier frequency wy, we get

ot} = Vi [ale-j“"”t + 2age~j“"t7L'(t) +
+j2ape i ()] (8)

For the purpose of this article it is convenient to rewrite
the analytic output signal (3) as the real signal

vo(t) = Vi, [coswyt + mn'(t) cos wat — mn"(t) sinwyt]

= Vo [coswat + a () coswpt — oo, (F) sinayt] (4)

with o, (t) = mn'{L}, @, (1) = mn/(t), and m' = m"” =
m = 2ay/a;. Referring to a specific amplifier {Figures 2
and 3), the subscript n will be replaced with a or b. The
peak amplitude V, is used instead of the rms amplitude.

Deriving (4), the statistical properties of n'(t) and
n"(t) are not affected by the carrier power. This ac-
counts for the experimental observation that the ampli-
fier phase noisc giveu in rad®/Hz is about independent
of power in a wide range [1, 2, 3]. Of course, some
dependence on power remains. We ascribe it to higher
order (> 2) terms ol (1}, and to the change of de hias
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Figure 2: Scheme of the saturated-mixer instrament for
the measurement of phase noise, adapted to low-power
signals.

oceurring in large signal regime, which in turns affects
the near-de noise.

In sumimary. we use Eq. (4) with the statistical prop-
erties of n'(t) and n”(¢) independent of the signal as
the model of the amplifier noise. With commercial mi-
crowave amplifiers, the flicker noise ends up to be of
—100 to 110 dBrad?/Hz al f = 1 Hz off the carrier.

3 Saturated-mixer as the phase
detector

The saturated-mixer for the measurenent of low-power
signals scheine is shown in Fig. 2. The lefi-hand parl
of the figure can take different forms, depending on the
device under test. For exanple, there can he two de-
vices under test (DU, one in each arm, or two detec-
tors converting some signal into a microwave carrier.
We focus our attention on the phase noise measure-
ment of the two signals r(1) and s(¢). We assume that
they are ol equal power, and that the two amplifiers
are equal and independent. Tn addition, the amplifier
gain (ay = by) is such that the two mixer inputs are
properly saturated (= 10 dBmn in most cases). Sctting
the phase shifter for a{t) and (1) to be in quadrature,
the detected cutput signal is

A1) = kpia(t) 5)

where the gain &, is of the order of 200-300 mV /rad
for most Schotlky-diode double-halanced mixers. lior
a number of technical reasons, up to some 40 GHz only
this type of mixer is used in practice.

The background noise of the instrument, in the ab-
sence of the DUT, is

S»p(f} - S@ [H (f) 4 S»,Jb(f) + S.,:-mixur(f) . (6)

Low-noise microwave mixers are available, for
which the 1-Hz flicker is significantly lower than
—120 dBrad?/Hz, for the mixer noise turns out to be
negligible as compared to the noise of the two ampli-
fiers.  According lo the flicker noise model of Sec. 2,
we expect a background flicker twice the noise of one
amplifier, and independent of the signal power.



The signal-to-noise ratio is defined as the ratio_of
the power of the usetul signal, i.e., the DUT noise o3,

divided by the power of the backgronnd noise, 2 +
2. This can be written in ters of power spectrum

densities as

Soalf)+ Suulf)

The reader should not take the above conclusion too
literally because the mixers are sensitive to amplitude
noise through a power-to-de-offset conversion mecha-
uism [4]. It is thercfore possible that the contamina-
tion from amplitude noise exceeds the amplifier Hicker,
although it hardly happens in the everyday experience.
On the other hand, the AM noise contamination is one
of the major sensitivity limitations when correlation is
used to reduce the noise of a saturated-mixer systein.

$NR = (7

4 Interferometer

The scheme of the interferometric noise measurement
system adapted to the measurement ol low-power sig-
nals is shown in Fig. 3. As with the saturated mixer,
the left-hand part of the figure can take different forms
not discussed here. The general theory, the design
gnidelines and the experimental aspects ol this type
of instrument are extensively discussed in Ref. [5]. The
analysis provided in this Section is therefore limited to
the effect of the amplificr flickering on the instrument
hackground noise.

The variable attennation and phase shift are set
equal to the DUT, (or the carrier is suppressed at the
A port of the Liybrid junction. All the carrier power
goes Lo the ¥ port and, after amplification, pumps
the mixer. The DUT noise sidebands, not affected by
the carrier suppression mechanisin, are present at the
output of the hybrid, half’ power at each port. The
DUT neise present at the A port is amplified and syo-
chrenously converted to de.

et

s(t) — Vi [(:orﬁw”t I (L) eosunt — wq(t) sin w[)tl (8}
i) =1, [cosw..t 4 & cos{wnt -+ )] (9)

the signals at the input of the hybrid junction. The
subseript o stands for DUT, The term € cos{wst + )
accounts for imperfect matching of the v and s arms,
lience for the residual carrier at the A port. The amnpli-
tude £ and the phase « are the random outcome of the
adjustment. We assume the residual carrier is simall
(0 < ¢ < 1) and has random phase (0 £ F < 2m),
and that it is constant during the measurement. The

signals at the hybrid output are

valt) = J5[s(8) = r(2)] (10)
uy(t) = == [s() + ()] (11)

5

The factor 1/v2 is due to encrgy conservation. The
detected signal can be caleulated with negligible error
taking € = 0, which means that the carricr is perfectly
suppressed. Taking provisionally noise-free ampliliers,
the mixer input signals are!

a1 Vi

V2

alt) =

[(rd coswyl — g sinwgd |

- sr:os(w“t—i—ﬂ}] (12)

bW
bi(l) — an [2 €os wpl + ey Coswpl b

V2

— wasinuwyt - € cosf{wyl + 19)]

for y =0 {13)

by(t) =

Mﬂ [72 sinwypld — ovg sinwyt +
NG} sinwyl — gy ¢ ut
— g coswpt — £ sinfwol 0)}
for y=w/2 (14)

The local oscillator (LO) signal [b(t) in Fig. 3], also
referred as pump signal, can be either b;{t) or b,(t)
depending on the choice ol v. The system detects the
in-phase {AM) noise if v = 0, and detects and the
quadrature (PM) noise if v = w/2 (907).

Taking provisionally a perfect multiplier as the
mixer, the detected signal is

d(t) = U [a{t) b{1)] * Ny (£ - (15)

The trivial factor I/ = 1 V™1 is introduced for the re-
sult to have the physical dimension of a voltage. The
convolution with the low-pass function hg,(t) filters
out the 2wy products, and takes in only the near-dc
terms. In this case, the effect of “x hyp(1)” is to replace
sin?{-] — 172, cos?(-) — 1/2, and sin(-) cos(-) — 0.

All actual imnplementations of Fig. 3 make use of
Schottky-diode double-balanced mixers, for a number
of technical reasons. These mixers need that the LO
input is saturated with the appropriate power, which
is of the order of +10 dBm. As a consequence, the
peak amplitude with which we calculate the detected
signal ig the saturated value Vi instead of the value
21V /2 that appears in Fq. (13)-(14). Of course,
Vi, < ‘2bﬂ/},/\/§. The saturated value Vi can be caleu-
lated hy equating the output signal that results from

Hlereinafter we write o and @ instead of a{t) and (1), letting
the dependence on t implied.
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Figure 3: Scheme of the interferometric instrumnent for the measurement of amplitude noisc and phase noise,

adapted to low-power signals.

the mixer SSB voltage? loss £ to the signal oblained
from a perfcct multiplier. There results V; = ﬁ
The loss of actual mixer is of about 2 (6 dB), hence
Vi & 1 V. Under this hypothesis, and neglecting the
effect of he residual carrier, the saturated LO siguals
are

2
by (&) — 7 {cos wot 4 %Q(xd coswyt — %tpd sin wnf,]
(16)
brity=— [— sinwyt ~ Loogsinwet — 2oy cosw(,l] )
T Ué 2 d 2

(17)

Ilere the superscript '+’ stands for ‘saturated’. Satuta-
tion is soft. As a consequence, the fractional amplitude
a(t) is attenuatd by a factor ¢ < 1, withoutl destroying
tlie information. The phase information is not affected.

4.1 Detection of the DUT noise

The detected output signal is found by multiplying the
a(t) signal (12) by the saturated pump (16}-(17), and
by sclecting the near-de terms. Discarding the secomwd-
order products, we obtain

arVy

Lty = Totouli)  fory =0 (18)
)= ity fory=mf2. (9)

In the laboratory practice it is often convenient to re-
fer to the fractional-amplitudeto-voltage gain ko {4} —
di{t)/og(t) and to the phase-to-voltage gain k, =
dy(t)/wq(t) of the instrument. In addition, it is con-
venient to replace the peak voltage V), at the DUT
output according to V4 = 2Ry F), where Ry is the
characteristic impedance (50 £2) and Py is the power.
Hence

k. — a1V finFy . L aiy HuF)

o= and k,= —

2In earlier articles we used £, for the mixer power loss. Af-
terwardswe opted for £ as the wvoltage loss because it slightly
simplifies the notation. In praciice, there is no risk of confusion
because the mixer loss is always given in dB.

(20)

4.2 Background noise

In order to calculate the residual noise of the instru-
ment we drop the DUT noise [ay(£) — 0, and ¢q(2) —
0], and we reintroduce the residual carricr (¢ # 0},
Hence

Vool oo oo o
‘UA(t) — \/E [70 (.Oh(u.«”?f t l))] (21)

Vo, . oy
veit) = _\/Z [2 coswpt + £ cos{wyt 1- U)} . (22)

In the amplification process we include the noise model
of Section 2, and soft saturation at the mixer L.O port.
Thus

aq I/]]

\/§

alt)y=¢ [f cos{wol 4 J) — cv, cos{wpt + 9} +

+ 1, cosfuwnt + ﬂ)] (23}

¢

2
by (f) == m [("(Zlb‘ wol -1- pay coswyt — wh sin w(]t} (24)

« 2 . .
bq(t) = i [f sintwnt — oy sinwpl — g cosw“t] .
o (25)

Writing Eq. (24) and (25) {rom (22), we neglect the
termn gcos(wyt 4 9) becanse € € 1. Expanding the
detected signal d{t) = {a(t] b*{¢}]* hyp (1), we get 9 cross
tertus. We simplily the calculus by observing that the
cross terms oy, ag aud s are negligible as compared
to the terms o and . Thus we split the calculus as

dt) — Ula(t)b*{1)] 4 noisy * (1) -+

b ideal
+ U alt) 0 (1] o ideat * hup(2) (26)
b noisy
When the A amplilier Oickers and the ¥ amplifier is
flicker free, the signals (23), (24) and (25) can be ap-
proxitnated as

alt) = 5%3 [f cos{wof + ) — oy, cos{wgt |9) +
+ 1o cos{wnt + ) {(27)
2
b: (t) B m ces Lu‘“f (28)
2
bty — ——— sinayt | (29)

e



thus
@) 1/“ .
di(8) — _SW {(_v(,, cos i) — i3, sin u‘} (30)
arVy ;
dy(t) = -« {nu sind + ¢, cos 1‘7] . (31)
Ve

Similarly, when the A amplifier is flicker free and the
= amplifier flickers, it holds the approximation

[£5] 1/;] .
a(l) =e—— [f cos(wol -+ ?9)} {32)
V2
. 2 . .
bi{t) = I [(‘os wib 1 oo, coswyt — oy 8in w(.t] {(33)
. 2 .
bq({.) ~ 7 [7 sinwnt — poyg sinwpt — 2 ('oswﬂt} .
' (34)
hence
i () @it [oa cos® + pp sin L‘J] (35)
4 (8) = —e—— | oon, cos + oy sin 31
Ve
¥y . . g
dy(t) = —e— [om, sin g — g cos '1‘)} . (36)
V2e Ll

Joining the above results, (30)+(35) for AM noise and
(31) +-(36) for PM noise, we get the detected hack-
ground noise

Vi .
d;(t) = --Efilﬁz { (v 4 pou] cos it +
— [-.,:,, - -@;,} sin 'ﬂ} (37)
1 W
d,(t) = 75(1}5'; { [fl‘a + pm,] sin v -+

+ [.;’5” — 5«9.')] COR 19} . (38)

The signal-to-noise ratio can be derived by dividing the
detected DUT signal [Eq. (18) and {1H)] by the detected
background noise [i5q. (37) and (38)]. Turning voltages
into spectra, there results

SNR,, - _
St
:"2{ [Sm, + Q?S,,g,] cos2 @ + [SW + va} sin? L‘)}
(39)
SNR,, 5o
52{ {Sn o+ 0254 ;,] sin® o + [Sg o 1S, ;,} r-os219} .
(40)

Besides some algehra, the physical interpretation for
the (icker noise reduction is simple.

A amplifier. The flicker noise sidebands ot the A ain-
plifier are kept low by carefully suppressing the
carricr at the amplifier input. This approaches
the condition in which no carrier is present at the
amplifier ends, for tlie noise spectrum is white, flat
in a wide frequency range.

¥ amplifier. The ¥ amplifier flickers, which is in-
cvitable because this amplifier serves to saturate
the mixer LO input. Yet the noise detection re-
quires a “pump” signal at the other input of the
mixer. This signal is attenuated by a factor &

Eq. (39) and (40} are close the noise reduction calcu-
lated in our previous article [6f, derived with a simpler
analysts. At a closer look, the saturated internal LO
signal containg harmonics at angular frequencies mul-
tiple of wy.  Accordingly, additional noise present in
the corresponding parts of the spectrum is taken in by
the synchronous detection process, We have no infor-
mation about additional flickering, if any, taken in in
this way. Even in the absence of additional noise from
harmonics, the full benefit of (39) and (40) can not
be achieved in practice because another phenomenon,
described in Section 3, introduce additional noise.

5 The effect of the dc offset

The mixer output shows a de offset V. that derives
from the asymmetry of the internal diode ring, and
from the asymmetry of the internal haluns that split
the LO power among the diodes. Unfortunately, this
offset is sensitive to the LO power according to

(41)

where

AV

Vi

hip = (42)

is the offset sensitivity to the fluctuation of the LO
fractional amplitude, and V5o is the veltage feed into
the 1O port of the mixer |26, Vy/v2 in Eq. (13)-(14)].
The relevant consequence is that a random amplitude
fluctuation of the LO signal—i.c., the AM noise of the
% amplifier—turns into detected noise,

No data about &, were found in the literature. Soie
measurements carried on at the FEMTO-ST (formerly
LPMQ), Besangon, France, suggest a value of 10 mV
for some microwave mixers.

Tetting the pump signal fed into the mixer

bit) — Vio [roswnt + ;008 Wl — Yy CO8 w(;t} ,  (24)
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Figure 4: Experimental configuration used to compare
the saturated mixer and the interferometer in the clos-
est possible conditions.

the detected background noise is
d(t) — kpa(t) . (43)
There resulls a signal-to-noise ratio
a?V? |
21€2” Sa r-!(Jr)
SNR,, - =5o——
k;) Sa b(f)

{14)

and

alVi?
SNR ;FQU ‘597 d(f)
O EES ()

We wish to stress that this noise mechanism has noth-
ing to do with the detection of the amplifier noise an-
alyzed in Section 4.2. The mechanism described here
is effective even if the A amplifier is removed and the
mixer input is terminated (ol course, in this extreme
condition the system is no longer able 1o detect the
DUT naise). The overall SNR is found by adding the
noise of Eq. (39)-(40} to that of Eq. (44)-(45).

The noise originated from the offset sensitivity to
power has the {ollowing annoying properties.

1. Improving the carrier suppression is not beneficial,
This is because the residual carrier in the a(t) sia-
nal does not enter in the equations.

2. A “sweet point” in which the sensitivity to AM
uoise vanishes—as suggested by Brendel [4] for the
phase detectors—does not exist. This method re-
quires that the two inpuls of the mixer are satu-
rated, as in the traditional scheme (Fig. 2), tor a
phase shift to he eflective.
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Figure 5: Background noise, measured in the absence

of the DU,

3. The background noise spectrum at the de output
is mdependent of the DUT power 1%, while the
instrument gain [Eq. (20}] is proportional to Py,
Henee the SNR. hecomes lower at lower power.

4. The AM noisc ol the main source is taken in with
the same mechanism. This is seen by inspection
on Fig. 3.

6 Comparison between the two
schemes

We compare the two conligurations of Iig. 4, saturated
mixer and interferometer, under the closest possible
conditions. For this reason the variable phase shifter
and the variable attenuator labelled ‘optional’ are kept
in Fig. 1A, and the ‘optional’ 3 dB attenuator is in-
serted in Fig. 4B. The instrument is driven by two
signals of frequency wy/2r = 9.9 GHz and of power
of By — —20 dBm obtained from a common synthe-
sizer and directional couplers. The couplers are virtu-
ally noise free, hence the measured noise is the residual
noise of the instrument. The amplifiers each produce 32
dB of gain with a3 dT3 output attenuator that improves
impedance matching and protects the mixer, and have
a neise figure of 3 dB. The interferometer is adjustecd
for a carrier suppression of G0 dB ar better (¢ < 1077).

The background neise is shown in Fig. 5. The white
noise is —147 dBrad?/Hz. This is duc to the additive
white noise of the amplifier, which is the same for the
two configurations. The saturated-mixer scheme shows
a residual flicker of — 106 dBrad?/Hz at f - 1 1z {ex-
trapolated), which is consistent with the 1/f noise of
the amplifiers. The amplitude noise of 1he interlerom-
cter, hardly visible, is of some —135 dB/1lz at f =1
Hz. The phase noise is —130 dBrad?/Hz at f -1 1Tz
(extrapolated), which improves by 24 dB as compared
with the saturated mixer scheme. As expected, the tull
benefit of a factor 127 could not be obtained.



Unfortunately, at the time of the experiments re-
ported we did not measure the de sensitivity &y of
the mixer and the amplitude noise. We understood
the phenomenon of the contamination from AM af-
terwards, picking up data from other experiments.
Nonetheless, we can give a picture of the reality. Some
relevant parametes of the described experiment are

By, = =20 dBm, a; — 32 dB, f = 6 dB, and
Ity = 50 Q. Accordingly, the phase-to-voltage gain is
of =8 dBV/rad, including 1 dB dissipative loss {rom

the DUT to the amplifier.  Let us assuine S,y =
—105 dBHz~" al | Hz (a little worse than phase noige,
because the synthesizer also contributes) and Ay —
—35 dBV as plausible values. There results an out-

pub vollage spectrun Sy = —140 dBVE/Ilz at f — 1
Hz, therefore a background noise §, — —132 dBHz ™!,
or S, = —132 dBrad?/Hz. These values are close to

those observed in Fig. 5.
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