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III. Remote-Sensing Radiometry: Microwave
Brightness-Temperature Standards

n Background

=  Standard radiometer
*  Theory
. Demonstration measurements

=  Standard target characterization and use
*  Target temperature profile
*  Target reflectivity effects
*  Material properties
*  “Hybrid standard” suggestion

2N

IV. Terahertz Noise
=  Approach

=  Detector, receiver, radiometer

=  Calibration target
V. Status and Plans




ZEaY

L

[. INTRODUCTION & FOUNDATION

%'
: : NIST
K. f [N\ Te=T={=

Nyquist Theorem & Noise Temperature [1 — 4]

* Thermal motion of charges in a resistor gives rise
to random fluctuations of current & voltage
w(o), i(t)

ol

» For passive device, at physical temperature T,
with small 4f,

_
P it D)= ehf/(kj;T) _IAf
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* Limits
— smallf: <P,,,> = kT 4 [1 ~ Wfi(2ksT)]
=kgT Af
— largef: — 0
— knee occurs around {GHz) = 20 7T(K)

* Quantum effect
— h/kg = 0.04799 K/GHz
— Soat290K, 1 % effect at 116 GHz
at 100 K, 1 % effect at 40 GHz
at 100 K, 0.1 % effect at 4 GHz
30 K @ 40 GHz — 6.4%, 0.26 dB




2N

* What about active devices? Can we define a noise
temperature?

» Several different definitions are used: [5]
— delivered vs. available power

— with or without quantum effect
i.e.,does T,,;, o< P, (“‘power” definition), or is 7,,,;,

the physical temperature that would result in that value
of P, ., (‘“equivalent-physical-temperature” definition)?

2N

* We (I) will use the “power” definition,
noise temp = available spectral noise-power
divided by Boltzmann’s constant.

» [t 1s the common choice in international
comparisons [6] and elsewhere [7].

* It is much more convenient for amplifier noise
considerations, at least for careful ones. (See
discussion below, under Noise Figure and
Parameters.)
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* So Pavail = kBTnoiseAf
* And for passive devices,

hf -
hf' Ik ,T
g T)

1

noise A
B

Tphys
e

* Convenient to define “Excess noise ratio”
ENR ;y4i1 (dB) = IOIOgIO(Tam;{_TO] TO =290 K
0
T=9500 K = ENR = 15.02 dB
T=1000 K = ENR = 3.89 dB

No matter what definition of noise temperature you choose,
it is helpful to state your choice.
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MICROWAVE NETWORKS & NOISE [8.9]

» Assume lossless lines, single mode.
» Travelling-wave amplitudes a, b.

* Normalized such that P, = |a|*>—|b|? is the
spectral power density.




» Describe (linear) one-ports by

b, a,
-

— ay=Igh +ag
1

* And (linear) two-ports by

NIST

NOoKSE

&/
* Available power:

Pavail _ ‘aG
a, G -

b,
@

r

i Relation to
) noise temp: <

* Delivered power:
1

i

.a1

A‘Z

1—\1“0\2

ag

R = | =[P (1-| 72
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2> - (1_|FG|2)kBTG
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1 Mismatch Factor

c ] e ln i)

1

ﬁ ; % Pavail ‘I—I—LFG‘Z
,

Efficiency
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» Available power ratio (available gain):

) = P2.avail (Z;I _ 52 - 0)

P1,avail

1 2

| | 2 2
R paiin s (117

[ | 1= 2 2

I I 1= 158y (1_‘FGS‘ j
— = e

T a 2

FGS :S22+S12S21FG

I_FGSII
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» Temperature translation through a passive, linear,
2-port (attenuator, adapter, line, ...)

1 2 ) )
E i Pzavatl — a,21P1avu1/ +f;)(];)
G /T — T,=on T+ /(T,)
Tl T2 Say 71 =T, , then 7, must=T,, so

I,=T,=o,T,+ f(T,)
f(Ta):(l_aZI)Ta

and therefore

T,=o0,T +(1-0,)T,

2N

Noise Standards [10 — 13]

» Ambient standard: matched load, water jacket,
thermistor, thermal paste.
up,=0.1K

» Cryogenic standards: liquid nitrogen, both
coaxial & waveguide.

» Coaxial standards: 30 MHz, 60 MHz,
1 —12.4 GHz. u;-= 0.6 K (coaxial)

10
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» Waveguide standards: 8.2 — 110 GHz, in 7 bands.

(But radiometers only to 65 GHz.)

Uncertainties in Waveguide Standards

Band Frequency (GHz) Uncertainty (K)
WR-90 82-124 0.14
WR-62 12418 0.18
WR-42 18-26.5 0.21
WR-28 26.5-40 0.14
WR-22 33-50 0.31
WR-15 50-75 0.38

11



94 GHz Cryogenic Noise Standard NIST
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Total-Power Radiometer [14 - 17]

» Radiometer: measures “radiated” power. For us,
measures delivered power (in w.g. or transmission
line), & we convert to available power & therefore to
noise temperature.

* Two principal types of radiometer for noise-
temperature measurements are Dicke radiometer and
total-power radiometer [14].

* Total-power radiometer is most common for lab use, &
that’s what we’ll discuss.

13
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» NIST Coaxial Radiometer [17], General Features:

— Total-power radiometer, isolated (60 dB), baseband IF,
double sideband, 5 MHz BW, thermistor detector.

Y LO Switch

IF out S
—~ T O<== < out]
Input

Radiometer

R e S IO

IF Section
Multimeter
— Radiometer eqn: M -
q T; _ T; + CryonC”yo,O (Yx 1) (TCryo _T;)
Mxnx,O (YCWO - 1)

SO,
% ) NIST
Q [N\ Te=T={=
JTares.

Y« Coaxial Radiometer “NFRad” [17]

Ambient Standard

IF Rack Receiver

DUT Port(s)

Switch Head

Cryogenic Standard

14
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» RF Section (8 - 12.4 GHz unit):

I Level control
Thru Lo >
T 20dB

IF out
X)—

Mixer

40 dB 26 dB Gain

1 dB compression

@ +10 dBm out

Input

&aY
(&) ST

= Some Characteristics & Tests
 Stability

0.8 — Radiometer Stability
b 3/17-18/99
0.799 —T
. 0.798 —
= i
&8
5
E
5 i
[ L
0.797 ——
0.796 —
4 Straight line is
0.798086 mW + 2.2939x10-* mW/h T
0.795 T[T [T T[T [T T [T T[T T[T [T T[T T[T [T [T [TITT]777T)
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (hrs)
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Linearity is critical

P(mW)
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IF Section

0-127 dB

29.7 dB Gain 25 dB Gain
1 dB compression 1 dB compression
@ +21 dBm out @ +29 dBm out

12 dB
NANAAAAL, 3dB r/\/\/\—lll
100 MHz
Lo
LPF

25 dB Gain

1 dB compression

@ +29 dBm out
200 ohms
1MHz-1GHz
Type N male

IF Linearity Test: measure with 3 dB attenuator in & out for
range of 127 dB attenuator.

16
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» Repeatability of connections; stability of reflection

coefficients.
0.80 —
8-12 GHz Radiometer Thru
Port 2 of Switchhead
B Measurement: 01/06/00 ‘
Measurement: 04/30/99 | \
0.60 —| i H
g ‘J‘; ‘
3 R | f‘u A l‘
g \'u il
o ‘ "
O 040 ‘
= ‘ ‘\‘ | I
g | ! ‘W
2 [
"l ‘!
0.20 —| f\‘uh‘ “U ‘ ‘
L
! .
000 T T I E— \
0.00 4.00 8.00 12.00 16.00 20.00
Frequency (GHz)
° ° NSEE
Uncertainties

» Simple case (matched):

(=D

Yo

/ typically around 1 %
about 1 or 2%

T =T,+

(Ty=T,) |

small uncert,
but linearity is
a concern

Uncert “should”
be negligible

For the ENR, this = u(ENR) ~ 0.10 dB to 0.15 dB

18
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» Simple-case uncerts (cont’d)

— drift: temperature stability/control important
(effect minimized by frequent switching to standards)

— connector variability: hard to do much better than 0.1%,
easy to do considerably worse.
— 4G, 4, AT, ., (due to AI'): depends on details of system,

can make a crude estimate:

Trev~Te, |Ar| ~0.050r0.1

So AT}, ~ 0.05 or 0.1xT,

2N

» Uncertainties (more careful case)
(Numbers are for NIST case) [17,18]

— Radiometer equation:

Ng Y -1
Tx=T, »+ Mg s
amoe M m, (Yg=1)

m b) + (negligible)

— Ambient standard:

am;(T) , ST T;%_oow/

X

19
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— Cryogenic standard:

u, (T,) T u(T) u( )
Ts - Ta‘ S ‘ =0.2%(NIST W G.),0.8% (NIST coax)
Lo | T T

— Path asymmetry: (zero if connect to same port)

(T

u )
X Tal iy, wnin) =0.2% to 0.56%
T
X X
— Mismatch:
u T
it L Taluarany, unian= 02%
Tx X
NISI
NBEsEE
u (T )
cm;}} X =1 1-_a Ta Vf(GHz), Uy = 0.053% 0 0.069%
X X

(depending on connector type)
— Other: Nonlinearity, imperfect isolation, power ratio
measurement, and broadband mismatch/frequency
offset all lead to small
(<0.1%) uncertainties for 7, around 10 000 K (for
us/NIST).

20
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II. AMPLIFIER & TRANSISTOR
NOISE MEASUREMENTS

P
Neol/ NIST
Noise Figure Defined NeSE

* Want a measure of how much noise an amplifier adds
to a signal or how much it degrades the S/N ratio.

» Define Noise Figure, IEEE [19]: (at a given frequency)
the ratio of total output noise power per unit bandwidth
to the portion of the output noise power which is due to
the input noise, evaluated for the case where the input
noise power is ky T, , where 7, = 290 K. (vacuum
fluctuation comment)

* Noise figure & signal to noise ratio[20]:
(SIN), S. /290K _GX290K 4N,

(S/N) S, (GX290K+N,,,, ) Gx290K

22
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NBSE
 Effective input noise temperature:
Sin N Nm ‘ Sout = G Sln
‘ Nout = GNin + Namp = GkBTin + Namp
Define Ny = Gk,T,
So Nout = GkB(Tm + Te)
So Noise Figure becomes
F = Noise out _ G(Ty+Te) F(dB) = 10log To*Te
GxNoise in GT, 100 71
0 0
Note: G, F, T,alldependon I,
NIST
NBSE

Simple Case Measurement, all /’s equal

Th ‘ G Noul,h:GkB(TthTe)

‘ G Noul,c = GkB(Tc + Te)

Combine & solve:

NOW,CTh _Nout,hTC _ Th —YT,

N out,h “Nout,c Y-l

_ N out,h ~Nout,e
kp(T, ~T,)

where Y = Nout,h/Nout,c

e

T T —YT
F:1+Ti:1+)’j ITC
o DT

23
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Noise-Temperature Definition Revisited

* Quantum I: Equivalent black-body definition vs.
“power” definition.

Nout = G]vm + Nump

“Power” definition: N = kT,
then N,, = kT, ,N, ,=kT,,, N, =kGT,,

in > * Tout out >~ "amp

sokT,,=kG(T,,+ T,

out

and Tout = G(Tm + Te)

72

hf

“Equivalent black-body temperature” definition: N = T
HTHT

SO Nows = GNj, + Nump becomes (after dividing by k)

hf hf hf
T 1 G( S, ] T A _J :

Solving for 7,,, , we would get

-1 -l
h 1 1 :
T = %{mll + 5((811/% ) + (e - 1)) }

24
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* Quantum II: Vacuum-fluctuation contribution
— Continual “sea” of virtual particle-antiparticle pairs everywhere.

— Cannot extract energy from them (from the vacuum), but they
can effect physical processes; & in particular they add noise to
active electronic devices [21 — 23].

— They result in an additional effective input noise temperature of
hf/2k at the inut of an amplifier.

— This is very small, usually negligible at microwave freqeuncies,
T . =0.24 K at 10 GHz, but it is there, & there are some cases

vac

where it is not negligible [24].
— It results in a minimum possible output noise from an amplifier,
N, = Ghf]2.

out,min

2N

— Not yet a general agreement on how to include 7, in definition
of noise temperatures.

— Can include it in 7, (blame it on the amp) >

Ty

T,
or can include itin 7, . \/
— We’llinclude it in T, [7, 24].
— Also a question of whether to include 7, as part of the source T
(as in [7]) or as a separate input source [24].

25



2N

— I prefer keeping it as a separate input [24].

vac

Ty

— One reason: case of large separation distance (especially in
remote sensing, for example)

T, ‘

— Note: get same/consistent results, independent of which way you
group things.

2N

Noise Parameters, IEEE Representation

Th_YTC YzNout,h
Y-1 Nout,c

* Simple case was T, =

b

* But that’s just for one value of 7,,,.,. Want to
determine F or 7, for any I~ So parameterize
dependence on I~

source*

source*

» Several parameterizations in use; most common
are variants of the IEEE [25] form.

26
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A
-- NIST

"%%hm‘ j NBISE

* Equivalent circuit:

= B

* (Noise out)/(Noise in) depends on impedance of input
termination, NFF = NF(Z,) or NF(I§), & T,=T,(Z or

L),
-nf r -rl
NF:NFmin+4Rn CP’Z 1—;| 2 e = e,min +1 gpt2 S‘ 2
2 i+ 1, -1l e, 1-Inf)
4 parameters: T, ,,;, , t = 4R, T\/Z, , and complex 7, .

Note: many equivalent forms of IEEE representation; this one is from [26].

A
-- NIST

i%hm‘ j NDISeE

Wave Representation of Noise Matrix

* For microwave radiometry, wave representation
[26 — 31] provides more flexibility.

* Linear 2-port:

b, a a, b,

N\
S~
N——
Il
N\
S
Y ”n
NS
N—
7~ N\
NQ —‘Q
N—
+
N\

1 2
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» Noise correlation matrix is defined by
. =<b.b*.>
y \ij

or N..=<15,z3
y I

> for intrinsic noise matrix

* Four real noise parameters:

(BIMET) 65

~

b

2

2N

* Output noise temperature 7,

S
g ,g iz | % kyT, = 1_;1_“2 [NG+N1+N2+N12]
L :
] S I
° I (-172)
' Ng= TksTs
1 2 ‘I_FGSH‘
T,

Ny = ZR‘{ Lo <l;1(l;2 /S21)*>}

28
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* So for T, we have

\FG‘Z ‘1_FGS11‘2 5 *
) Re|(1-73S,) I:X
D i i e T
A2 R 2 o .
where kBX]E<b] >’ kBXZE<b2/S21 >’ kBX]2E<bI(2/S21)>

* Whereas IEEE parameterization is

2

p ‘FG_]—:th .
1|7+,

e~ %e,min

* (Can relate the two:

72

X’s = IEEE IEEE — X’s
2
z:Xl+\1+SH\ZX2—2Re[(1+s“)*xlz], X, =T QS11\2—1)+ t‘l_Sll]_;)lu
e,min ‘1-}-]_;7[”2
T :Xz—‘Fupz‘z[Xl""Su‘zXz—2R6(S1*1X12)]
(1417 ) r
X2=T;,min+ = 2
1+1,,
oA
F“”"z(l | nZJ’ ,,
X _S T _tl—;pt(l_Slll—;pt)
12 = P11% e,min .
:X2(1+‘511‘2)+X1—2Re(51*1X12) ‘1+F0pt ?
(XZSlliXIZ) ’
Notes:
X, =T,

Bound implied by X, = 0
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"*f Measuring Noise Parameters NEISE

» Many different methods [26, 28, 30, 32 —43].
Most are based on IEEE parameterization.

» Basic idea of (almost) all methods is

— present amplifier (or device) with a variety of different
known input terminations (/"& 7),

— have an equation for the “output” in terms of the noise
parameters and known quantities
(I’s, T’s, S-parameters),

— determine noise parameters by a fit to the measured
output.

— Need good distrib. of 77’s in complex plane.

() NIST

x%‘ NEISE
 Can fit for noise figure [32]

T,,T

h> ¢
Source
4 T r|2
R -1
NF = NFyy 40— L2 L
20 i+ 1, (1—|r1|j
Notes:

— Use tuner to get different /7, measure with 7, and 7. for
each 7 to get NF for that 7.

— Must correct for tuner to get 7, at 1. Must calibrate

receiver for each value of 7,
(or have isolator in front of receiver).

30



* Or can fit for output power [33,

I,T,

i " amb

receiver, e

Noise !

Source Tuner [~ Receiver
'

Then measure DUT + receiver

|5

S..

q

NIST
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44, 45].

This is the most popular method now.

In practice, first measure noise parameters of

and extract DUT noise parameters.

measuring noise parameters:

—@®
allat T, |

Ny, =

NIST

NOoKSE

» Noise-matrix approach [30, 31, 40, 46] to

T, DUT b T,
D—e{g)
Many 7,

T —@

i-1f)

2 . .
S G _ 2 VBTG

kyT, = S AN+ N+ N, +N,, | [1=T58,,

1| 7] r, |
i,

GMl11

s 4 LcSuSu N, =kpX,
. 2 (I_FGSII)

I,
2Re| —%—k, X
e|:(1_FGS11) ’ 12:|

31
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* Noise-Parameter Uncertainties

— Monte Carlo method is probably the most practical [35,
46 — 49]
— Some general approximate features [46]:

* Uncerts in G and T, (& F,,;,) are dominated by uncert in T}.

0.1 dB uncert in 7, —» ~ 0.1 dB uncert in G and F_,,.

* Uncerts in 7, are dominated by uncerts in /7;’s. Uncert in Re

orlm /", is ~ 3 or 4x uncert in Re or Im 77 (for 13
terminations).

* t(or R,) is sensitive to just about everything.

» T, 1s not a major factor, because it is known much better than

am

T,. Note, however, that it could affect T}, or the amplifier
properties.

NIST

NOoKSE

Measuring Noise Parameters on Wafer

 Just like amplifier noise parameters—only harder.
» Harder due to probes and to device properties.

* Complications due to Probes:

— Must characterize probes: on-wafer standards = larger

uncertainties for /s, S-parameters, 7, T,,,.

— Restricted range of 7’s (due to loss in probe).
— Potential contact problems, vibrations.

32
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» Complications due to Device:
— If measuring an on-wafer amplifier, no additional
device-related problems (assuming it’s well matched).
But for a transistor:

— Matching problems, large S, S,, = larger corrections

& therefore larger uncertainties.

— Large 7, ,, near edge of Smith chart.

opt >

— Smaller noise figures/noise temps than amps.

NIST

NOoKSE
Wafer
/O T T
@ Measure T, ‘2“\1‘\
I, I;;, and S;; measured with on-wafer cal,
T, , measured on wafer
@ Compute 7y, 7y =Ty + (- )Ty so Ty, = 10”10 o
oo
2 2
poil 18:1(02) [1 -|r, )
where &, = o Ty —
- s (145
@ Measure 7,,, =T, in reverse configuration
(),
. . _ ‘SZI‘ U ‘ 1, ‘ 11X,
(Weighted) Fitto 75, = 5 27]4+1 s X, + X, +2Re| —rs
(1*‘1—2.,‘ ) - 15,8, ‘ - ‘ — 1150
and [‘512‘2(1* 73] zj 2 *
T (rev.config) = —— : | J T, [Si282175.1 Xt +2RE[S12S211"2_1X12 }
(1—\1]\ N (S e [1=73,1.5n| 1-15,5%

33
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* Commercial Systems [e.g., 44, 45]: similar to general
noise parameters (above), except that reference planes
are on wafer. ) [fe

Noise \ )
System Cal: - Tuner |—| Probe Probel Receiver @
Mo | Toner {7 {pob | Recever

(our =

DUT Measurement:

Receiver @

S

» Must therefore calibrate at those reference planes on
wafer. Commonly done at probe tip, with an “off-
wafer” cal set.

2N

» To get properties of device itself, must remove effects of
lines between the calibration reference planes (P, and P,)
and the device reference planes (T, and T,). To do so,
measure auxiliary standards (short, open) between planes
T, and T,, and “deembed” [52].

34
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» NIST on-wafer calibration (Statistical) calibrates at
center of through (M) and translates back (to D).
Would still need to “deembed” to get down to T.

L

il n

|:1> D|\/| 12 um back from ‘d_ 12 um
center of Thru DT

2N

Noise-Parameter Checks and Verification

* So how do we convince ourselves that our noise-
parameter measurement results might be correct?

« Will give three tests:

— measure noise parameters of passive device, such as
attenuator

— measure 7,

— Cascade test
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Attenuator Test NUSL

» Noise matrix of a passive device (such as an attenuator)
1s given by Bosma’s theorem,
(Bib)= kT 1-ss),
 So for an attenuator at (noise) temperature 7,

X, = (1_‘S11‘2 _‘SIZ‘Z)Ta

X. = (1_‘522‘2 _‘SZI‘Z)T
2 a
2

v o (88, +5,5)
12 S*
21

T,

* So, measure noise parameters of an attenuator & see if
you get the correct answers.

2N

* Other passive devices as tests (especially on a
wafer):
— Cold FET [53]
— Lange Coupler [54]

These have the advantage of being poorly matched, &
therefore more similar to the devices of interest.
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T,,, Test [36, 40, 55]

» T, test: Measure noise temp from input of amplifier,

when output is terminated in a matched load.

Matched T
Load’ T, amb i !

1

* Can show that for /;S,,S,, small,
Xl

72

e Full form is:

DUT
Matched Load

Ty Ty

v _Isefl=lnp),

G B* amb
! : | =738,
T = N;+N,+N,+N,
il—Fi
‘ 1‘ Ny =kyX,
E:S“JrM N
(I_FGSZZ) ’ 1-158, e

SIZSZIFG

N, =2Re¢| 222286 _f y~
12 |:(1_FGS22) B 12:|
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* So measure 7,,,, compare to value predicted from

the value of X, from the noise-parameter
determination.

 If working in terms of IEEE parameters, convert,

using
2
X = Te,mmqsn‘z _1)""%
+17,,
Ir,[
X2 = ];,min + > 2
1+7,,
Xlz _ S11 . tl—;’/(l_sllf—;)pt) )
1+17,

2N

Cascade Test [55]

« Connect an isolator " ! 2

(or other passive 2-port) E | |
to amplifier input \ v y
& measure noise s
parameters of combination.

* X’ parameters can be written in terms of X
parameters (amp alone) and the S-parameters of
amp and isolator.

» Using Bosma’s theorem and standard S-parameter
algebra, can show
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g I +T.(4 - 4,)
1 I—S“SZ]Z 1 1 1 2/
2
(- e S (it i)
11~22

SIIZ Sl 1

A2 = 2Re|:(1_S11S212) (SZIISIII* + SIIZ*SZIZ ):| 5

1

X, =

‘S’ {‘1 _SnSz[z‘ZXz +‘S212‘2X1 +2Re[S2[2(l_SnS212)*X12]+ Tl(l _‘Szlz‘z _‘Szll‘zJ}a
21

‘ 2

’ — Sllz (I_Snszlz )* + Sllzszl;
" Szlr(l_SuSz]z) " Szlr(l_SuSz]z)

— Syt + 855y _ S5S, (_ 12 Izj
| [P - ()

Note: could instead use an attenuator (for on wafer).

XI_TIAP

NIST
NBEsEE
Xl,:TI’
1 1 2 s
1 BN , (e i-lsif))
— — | ~
| ] | % ST ’
; ; X S ' 21
- _
~
X,S8

X,,' 1s small and (approximately) independent of amplifier;
excellent verification test.
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100 Tyey Test

95

X X X Measured 7,

amb 4 ; T 1

1

rev

90 O O O Predicted 7,

85

80

75

T,.(K)

70

65

60

55

S L R

f(GHz)

Error bars are standard uncertainties (16).

T(K)

300

T test on wafer [56]

rev

X X NIST (direct measurement)
+ 4 NIST (forward measurements only)
O O NIST (incl. reverse measurement)

%i*T

I 1
10 15
AGHz)

NIST
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300
200—: >
] ° © %
£ 7 X ° b3
< } % % x i x 5 ¥ o % ¥
100
] © O O Predicted from noise parameters
3 X X X Direct measurement
¢+
0 15

/(GHz)

Error bars are standard uncertainties (16).
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Isolator Test, X'

=
=

X X Measured X'
O O Predicted X'

NIST

NOoKSE

1o
Pl
L=

Pl
o

280

10 11 12 13
f(GHz)

Error bars are standard uncertainties (15).

X,'(K)

Isolator Test, .X,'

NIST

NOoKSE

- X X X Measured X,'
O O O Predicted X'

f(GHz)

Error bars are standard uncertainties (16).
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Isolator Test, ReX,,'

ReX,,'(K)
L
e

-20 —
7 X X X Measured ReX,’
230 — O O O Predicted ReX),'
40 \ \ \ \ \ \
7 8 9 10 11 12 13
f(GHz)
Error bars are standard uncertainties (15).
NS
10 —
5 Isolator Test, ImX,,'
. 12 X X X Measured ImX,,'
57 O O O Predicted ImX,,
e e i s
5 _
. 1
;5 -10 -
15 gl
-20
225 E 4
L e L B B A B
7 8 9 10 11 12 13
f(GHz)
Error bars are standard uncertainties (16).
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[II. REMOTE-SENSING
RADIOMETRY: MICROWAVE
BRIGHTNESS-TEMPERATURE

STANDARDS
XN
Background DEST

NIST microwave radiometry effort

— Noise & antenna metrology have been conducted
separately for over 30 years

— Recently began doing remote-sensing radiometry,
combining the two

NIST Optical Tech. Div. has such a program for
UV, Visible, & IR [57]
Need to develop analogous capabilities at
microwave & mm-wave frequencies, providing a
link between microwave remote-sensing
measurements & NIST measurements & standards
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* Microwave remote sensing, ideal case:

Black body,
Temperature 7'

"N ]

2( nf 2 o
B, =7(WJ = kT (for f <<kT)

(power per area per solid angle per frequency)

NN ANNANNANNN

NIST

NOoKSE

» Real case:

%‘ B side-lobes
Weczed

B

d
Gray body, -
Temperature I’ _~

cloud

AANANANAN
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e (Calibration

— linear radiometers = need (=) two standards for
calibration

— need independent cal of targets, comparison to other
radiometers, traceability

» Develop (& transfer) a standard for microwave
brightness temperature

« Still in early stages, but some progress made

NIST

NOoKSE

— Standard radiometer

— Standard target/-\

:’ A T
| Black body, | NN\ >—@]
* We have worked ‘Temperature i B ‘

on both approaches.

] Se
2(_w 2 e
,)3, :f(ew v 7])=?kT (for Bf << kT)
{(power per area per solid angle per frequency)
|

IO
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Standard Radiometer [58 — 60] NNEIIgg

* Radiometer measures 7, ; want to determine 7
(assume far field conditions)

1
0':_ Cryo TA,oul = aTA,in + (1 - a)Ta
d Std
AB,(6,9)
: o[ AT T,60.0)="—L ="
Rad. ™= s
1
0 : < . [7,(0.0)F,(6,9)d2
: Std A in =4 Q
X Ant. P
T Ty Q, = [F,6,9)d0

4r

A

* Breakup 7,
[7,(6.0)F,0,9)d2

__ target

ol

o [F,©@.0d2
— SENAVAVA Target trget

[7,6.0)F,(0.9)d2

a — other
[F.(6.0)d2
other

[F0.9)d2
target

Q

P

nAT

Ty, 77ATT +(1- ﬂAT)TBG




2N

* So,
T

A,out

= OmATTT +a(l-n,, )EG +(1-a)T,

« Control the background, Tz; =7,
* Then

* Soweneed o= 1/L and 1,

[F,(0.9)d2

__ target
Mir =
02

P

2N

e Environment

— not thermal-vac
_ [neore.pde
— must control Ty, =%

[F,©0.9)d2
other

— Do so by controlling/knowing 7} in the side lobes.
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» Will need a chamber to control background

oise
Standard

argef
i
. .
Cryogenic [ Air circulator —
Noi
P

2N

» Approximate achievable uncertainties:

uz(n)=(1_ 1 Juz(Tm[ 1 ju2<TAm,,)+(TT—7;)2(”2(’27“)+”2<3‘)J
an,r an,r ’ n o

AT

u(T,) =~ 02K
(T o) = 0.3 — 0.5 K (for T, = 200 to 300 K,
18 —26.5 GHz)
u(1,7) = 0.003
u(c) = 0.005
* So should be able to get
u(T,) =03 Kto0.7K
for 7, ,,,= 200 to 300 K, 18 —26.5 GHz
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Demonstration Measurements

* Measured antenna pattern for a standard-gain horn
(SGH) on the near-field range

Far-field at K-Band Standard Gain Horn at 26 GHz

1.00
0.80 Amplitude
0
040 s
=10
0.0 -15
=20
E\ 0.00 =25
-
“0.20- | =38
40
040 =45
-50
£0.60 =55
60
il 65
«1.00

.00 080 -0.60 -0.40 020 000 020 040 080 080
Kx/K

NIST

NOoOse

Far-field at K-Band Standard Gain Horn at 26 GHz

gaanbhsbhbags
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* Integrate pattern to get 77,,; value depends on
frequency & distance. At 26 GHz,
n,7=0.980 at 50 cm, 77,,= 0.301 at 5 m

* Compute « from conductivity.
a=10.9954 + 0.0023 at 26 GHz

* Connected SGH to the DUT plane of the WR-42
(18 —26.5 GHz) waveguide radiometer

2N

* Borrowed hot calibration targets from NOAA GSR
(Al Gasiewski & Marian Klein, NOAA ETL) and
NASA Goddard (Paul Racette)

* Measured it in the NIST anechoic chamber at 18, 22,
& 26 GHz for several distances
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Target Brightness Temperature (K)

NIST

NOoKSE

V¥V V¥V V¥V From target temperature (e = 0.99)
X X X Measured (error bars are std. unc., u)
A A A From target temperature (e = 0.98)

IIYI‘IIYI‘IYII‘IYII‘IYII‘IYII‘IYII‘IYII‘IYII‘IYII‘

50 100 150 200 250 300 350 400 450 500
Distance (cm)
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* 5 m results discrepancy probably just due to
(mis)alignment

* Uncertainty large due to
large u(n, ;) = 0.0153.
Would be u(77,,) = 0.003
if we knew target
location better.

2N

* Summary (standard radiometer)
— Have developed framework and performed preliminary
measurements

— Expect uncertainties of about 0.5 — 0.7 K for 7, =200
to 300 K, /=18 — 26 GHz (Larger uncerts for
higher/lower temperatures and/or higher frequencies)

— Connection to thermal-vac testing must still be
established.
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Standard Target & Hybrid Standard a2l

. Most microwave remote sensing
programs use a standard target,
a blackbody radiator.

R
. Need to know

- surface temperature and uniformity (thermometers
embedded at a few locations in back of target)

—  emissivity (no generally accepted standard measurement
method)

—  pattern (or near-field effects)

&A)

. Surface temperature &
uniformity can be measured
by IR imaging. [61]

. Reflectivity of target can

AIMR Antenna

have significant effect Y S
(a few kelvins) for small
separation distance. [62]

lar|
o
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Have also investigated
Material properties measurements [63]
Antenna near-field effect (preliminary) [64]

Suggest a “hybrid” standard, which would consist of
a standard radiometer + a standard target. [60]

Would reduce uncertainties somewhat

Greater flexibility

More robust (and credible).

NIST

NOoKSE

IV. TERAHERTZ NOISE
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&
Approach

. Unlike the microwave case, we do not have a history
of noise measurements at terahertz frequencies.
Need both a standard and a detector/receiver.

. The NIST Terahertz Technology Project has
developed a terahertz receiver built around a hot
electron bolometer (HEB) mixer, which they use in
an imaging system. [65]

. So, use or copy that receiver, and develop a terahertz
noise standard.

A
..
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Adapter & Detector

Ti“i—j—_:‘d

THz signal,
O

NIST
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8 pm

HEB device 2 pm
by 0.5 pm
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Hot circulating oil, ~ 23 °C — 240 °C
Surface will be instrumented with thermistors
surrounding image area.

NIST Physics Lab will measure the total reflectance
(=1 — emissivity)
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Initial measurements, specular reflectance (by L.
Hanssen & S. Kaplan, NIST Physics Lab):

Ribbed rubber sheet material
Frequency (GHz)

0 600 1200 1800 2400 3000
0.0040
—&—12.5 deg inc f/4
—&@—sample tilted 15 deg perp to ribs
| 0.0035 in plane of incidence B
& 0.0030 | /\A\
9 : N\ .
{ 0.0025 i M TAN “\,j\
S
0.0020 A

Vs

R
0.0015 M A
W
0.0010 vl
0.0005
0.0000
0 20 40 60 80 100

Wavenumber (cm™)
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V. STATUS & PLANS
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Noise-temperature measurements & calibrations
continue: 30 & 60 MHz, 1 — 65 GHz.

Working to improve & verify noise-parameter
measurements for LNAs and for transistors on
wafers.

Microwave remote-sensing radiometer-calibration
effort has been suspended. If funding becomes
available, we will proceed with the standard-
radiometer development, and possible the hybrid
standard work.

The terahertz noise work is proceeding. We expect
to make the first measurements later this year.

NIST

NOoKSE

Contact Information:
Jim Randa

randa@boulder.nist.gov
(+1) 303-497-3150

NIST Noise publications & slides from talks: links at
http://boulder.nist.gov/div818/81801/Noise/index.html

60



[1]
[2]
[31

[4]

[5]

[6]

[7]

[8]

[91

REFERENCES ST

(NIST references available at http://boulder.nist.gov/div818/81801/Noise/publications/noise_pubs.html)

H. Nyquist, Phys. Rev., vol. 32, pp. 110 — 113 (1928).
A. van der Ziel, Noise. Prentice-Hall, NY: 1954.

W.B. Davenport and W.L. Root, Random Signals and Noise.
McGraw-Hill, NY: 1958.

F. Rief, Fundamentals of Statistical and Thermal Physics, Ch 15
(especially Sections 8 and 13 — 16). McGraw-Hill, NY: 1965.

IEEE Standard Dictionary of Electrical and Electronic Terms, Fourth
Edition, 1988.

J. Randa et al., “International comparison of thermal noise-
temperature measurements at 2, 4, and 12 GHz,” IEEE Trans. on
Instrum. and Meas., vol. 48, no. 2 pp. 174 — 177 (1999).

A.R. Kerr, “Suggestions for revised definitions of noise quantities,
including quantum effects, IEEE Trans. Microwave Theory and Tech.,
vol. 47, no. 3, pp. 325 — 329, March 1999.

D.M. Kerns and R.W. Beatty, Basic Theory of Waveguide Junctions
and Introductory Microwave Network Analysis. Pergamon Press,
London: 1974.

for my notation and conventions, see: J. Randa, “Noise temperature
measurements on wafer,” NIST Tech. Note 1390, March 1997.

[10]

(1]

(12]

[13]

[14]

[15]

(1e]

[17]

(18]

[19]

W.C. Daywitt, “A coaxial noise standard for the 1 GHz to 12.4 GHz

frequency range,” NBS Techn. Note 1074, March 1984. N Isr
NOoKSE

W.C. Daywitt, “Design and error analysis for the WR10 thermal noise

standard,” NBS Tech. Note 1071, Dec. 1983.

W.C. Daywitt, “A derivation for the noise temperature of a horn-type
noise standard,” Metrologia, vol. 21, pp. 127 — 133, 1985.

W.C. Daywitt, “The noise temperature of an arbitrarily shaped
microwave cavity with application to a set of millimeter wave primary
standards,” Metrologia, vol. 30, pp. 471 —478, 1994.

N. Skou, Microwave Radiometer Systems: Design and Analysis. Artech
House, Norwood, MA: 1989.

W.C. Daywitt, “Radiometer equation and analysis of systematic errors
for the NIST automated radiometers,” NIST Tech. Note 1327, March
1989.

J. Randa and L.A. Terrell, “Noise-temperature measurement system for
the WR-28 band,” NIST Tech. Note 1395, Aug. 1997.

C. Grosvenor, J. Randa, and R.L. Billinger, “Design and testing of
NFRad—a new noise measurement system,” NIST Tech. Note 1518,
April 2000.

J. Randa, “Uncertainties in NIST noise-temperature measurements,”
NIST Tech. Note 1502, March 1998.

H.A. Haus et al., “IRE standards on methods of measuring noise in
linear twoports, 1959,” Proc. IRE, vol. 48, no. 1, pp. 60 — 68, January
1960.

61



[20] H.T. Friis, “Noise figures of radio receivers,” Proc. IRE, 419 — 422, N Isr

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

July 1944. NEISE

H.B. Callen and T.A. Welton, “Irreversibility and generalized noise,”
Phys. Rev. vol. 83, no. 1, pp. 34 — 40, July 1951.

C.M. Caves, “Quantum limits on noise in linear amplifiers,” Phys.
Rev. D, vol 26, no. 8, pp. 1817 — 1839, Oct. 1982.

J.R. Tucker and M.J. Feldman, “Quantum detection at millimeter
wavelengths,” Rev. Mod. Phys., vol. 57, no. 4, pp. 1055 — 1113, Oct.
1985.

J. Randa, E. Gerecht, D. Gu, and R.L. Billinger, “Precision
measurement method for cryogenic amplifier noise temperatures
below 5 K,” IEEE Trans. Microwave Theory and Tech., vol. 54, no. 3,
pp. 1180 — 1189, March 2006.

H.A. Haus et al., “Representation of noise in linear twoports,” Proc.
IRE, vol. 48, no. 1, pp. 69 — 74, January 1960.

R.P. Meys, “A wave approach to the noise properties of linear
microwave devices,” IEEE Trans. Microwave Theory and Tech., vol.
MTT-26, pp. 34 — 37, January 1978.

D.F. Wait, “Thermal noise from a passive linear multiport,” IEEE
Trans. Microwave Theory and Tech., vol. MTT-16, no. 9, pp. 687 —
691, September 1968.

R.P. Hecken, “Analysis of linear noisy two-ports using scattering
waves,” IEEE Trans. Microwave Theory and Tech., vol. MTT-29, no.
10, pp. 997 — 1004, October 1981.

[29]

[30]

B1

[32]

[33]

[34]

B35]

[36]

NIST

S.W. Wedge and D.B. Rutledge, “Noise waves and passive linear NEISsSeE
multiports,” IEEE Microwave and Guided Wave Letters, vol. 1, no. 5,
pp 117—119, May 1991.

S.W. Wedge and D.B. Rutledge, “Wave techniques for noise modeling
and measurement,” IEEE Trans. Microwave Theory and Tech., vol.40,
no. 11, pp. 2004 — 2012, November 1992.

for my notation: J. Randa, “Noise characterization of multiport
amplifiers,” IEEE Trans. Microwave Theory and Tech., vol. 49, no.
10, pp. 1757 — 1763, October 2001.

R.Q. Lane, “The determination of device noise parameters,” Proc.
IEEE, Vol. 57 pp. 1461 — 1462, August 1969.

V. Adamian and A. Uhlir, “A novel procedure for receiver noise
characterization,” IEEE Trans. Instrum. and Meas., vol. IM-22, pp.
181 — 182, June 1973.

M.W. Pospieszalski, “On the measurement of noise parameters of
microwave two-ports,” IEEE Trans. Microwave Theory and Tech.,
vol. MTT-34, no. 4, pp. 456 — 458, April 1986.

A.C. Davidson, B.W. Leake, and E. Strid, “Accuracy improvements in
microwave noise parameter measurements,” IEEE Trans. Microwave
Theory and Tech., vol. 37, no. 12, pp. 1973 — 1978, December 1989.

D.F. Wait and G.F. Engen, “Application of radiometry to the accurate
measurement of amplifier noise,” IEEE Trans. Instrum. and Meas.,
vol. 40, no. 2, pp. 433 — 437, April 1991.

62



[37]

[38]

[391

[40]

[41]

[42]

[43]

A. Boudiaf and M. Laporte, “An accurate and repeatable technique
for noise parameter measurements, “IEEE Trans. Instrum. and
Meas., vol. 42, no. 2, pp. 532 — 537, April 1993.

G. Martines and M. Sannino, “The determination of the noise, gain
and scattering parameters of microwave transistors ...”, IEEE
Trans. Microwave Theory and Tech., vol. 42, no. 7, pp. 1105 —
1113, July 1994.

G.L. Williams, “Measuring amplifier noise on a noise source
calibration radiometer,” IEEE Trans. Instrum. and Meas., vol. 44,
no. 2, pp. 340 — 342, April 1995.

D.F. Wait and J. Randa, “Amplifier noise measurements at NIST,”
IEEE Trans. Instrum. and Meas., vol. 46, no. 2, pp. 482 — 485,
April 1997.

T. Werling, E. Bourdel, D. Pasquet, and A. Boudiaf,
“Determination of wave noise sources using spectral parametric
modeling,” IEEE Trans. Microwave Theory and Tech., vol. 45, no.
12, pp. 2461 — 2467, December 1997.

A. Lazaro, L. Pradell, and J.M. O’Callaghan, “FET noise-
parameter determination using a novel technique based on 50-Q
noise-figure measurements,” IEEE Trans. Microwave Theory and
Tech., vol. 47, no. 3, pp. 315 — 324, March 1999.

Your favorite method, which I’ve probably omitted (inadvertently,
honest).

NIST

NOoKSE

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

V. Adamian, “2 — 26.5 GHz on-wafer noise and S-parameter
measurements using a solid state tuner,” 34" ARFTG Conference
Digest, pp. 33 — 40, Ft. Lauderdale, FL, Nov. 1989.

C.E. Woodin, D.L. Wandrei, and V. Adamian, “Accuracy
improvements to on-wafer amplifier noise figure measurements,” 38"
ARFTG Conference Digest, pp. 129 — 138, San Diego, CA, December
1991.

J. Randa, “Noise-parameter uncertainties: a Monte Carlo simulation,”
J. Res. Natl. Stand. Technol., vol. 107, pp. 431 — 444, 2002.

V. Adamian, “Verification and accuracy of noise parameter
measurements,” Unpublished lecture notes, 1991.

M.L. Schmatz, H.R. Benedickter, and W. Béchtold, “Accuracy
improvements in microwave noise parameter determination,” Digest of
the 51" ARFTG Conference, Baltimore, MD, June 1998.

S. Van den Bosch and L. Martens, “Improved impedance-pattern
generation for automatic noise-parameter determination,” IEEE Trans.
Microwave Theory and Tech., vol 46, no. 11, pp. 1673 — 1678,
November 1998.

J. Randa et al., “Interlaboratory comparison of noise-parameter
measurements on CMOS devices with 0.12 pm gate length,” 66"
ARFTG Microwave Measurements Conference Digest, pp. 77 — 81,
Washington, DC, December 2005.

J. Randa and D.K Walker, “On-wafer measurement of transistor noise
parameters at NIST,” IEEE Trans. IEEE Trans. Instrum. Meas., vol.
56, no. 2, pp. 551 - 554, April 2007..

NIST

NOoKSE

63



[52]

[53]

[54]

[55]

[56]

[57]

[58]

C.-H. Chen and M.J. Deen, “RF CMOS noise characterization and N Isr
modeling,” in CMOS RF Modeling, Characterization, and NS
Applications, ed. M.J. Deen and T.A. Fjeldly, World Scientific, River

Edge, NJ, 2002.

L. Escotte, R. Plana, J. Rayssac, O. Llopis, and J. Graffeuil, “Using
cold FET to check accuracy of microwave noise parameter test set,”
Electronics Letters, vol. 27, no 10, pp. 833 — 835, May 1991.

A. Boudiaf, C. Dubon-Chevallier, and D. Pasquet, “Verification of
on-wafer noise parameter measurements,” IEEE Trans. Instrum. and
Meas., vol. 44, no. 2, pp. 332 — 335, April 1995.

J. Randa and D.K. Walker, “Amplifier noise-parameter measurement
checks and verification, Digest of the 63" ARFTGMicrowave
Measurments Conference, pp. 41 — 45, Ft. Worth, TX, June 2004.

J. Randa & al., “Reverse noise measurement and use in device
characterization,” 2006 IEEE Radio Frequency Integrated Circuits
(RFIC) Symposium Digest, pp. 345 — 348, San Francisco, June 2006.

J. P. Rice and B. C. Johnson, “NIST activities in support of space-
based radiometric remote sensing,” Proc. SPIE 4450, 108 — 126
(2001).

J. Randa, A.E. Cox, D.K. Walker, M. Francis, J. Guerrieri, and K.
MacReynolds, “Standard radiometers and targets for microwave
remote sensing,” /IGARSS 2004 Conference Digest, paper
2TU_30_10, Anchorage, AK (Sept. 2004).

[59]

[60]

[61]

[62]

[63]

[64]

NIST

NOoKSE

J. Randa, A.E. Cox, and D.K. Walker, “Proposed development of a
national standard for microwave brightness temperature,” 2006 /EEE
International Geoscience and Remote Sensing Symposium Digest
(IGARSS-2006), Denver (August 2006).

J. Randa, A.E. Cox, and D.K. Walker, “Proposal for development of a
national microwave brightness-temperature standard,” Proceedings
of the SPIE, Vol. 6301, 630105 (Sept. 1, 2006).

A.E. Cox, J.J. O’Connell, and J.P. Rice, “Initial results from the
infrared calibration and infrared imaging of a microwave calibration
target,” 2006 IEEE International Geoscience and Remote Sensing
Symposium Digest (IGARSS-2006), Denver (August 2006).

J. Randa, D.K. Walker, A.E. Cox, and R.L. Billinger, “Errors
resulting from the reflectivity or calibration targets,” /EEE Trans.
Geosci. Remote Sens. 43 (1), 50 — 58 (Jan. 2005).

A.E. Cox and M.D. Janezic, “Preliminary studies of electromagnetic
properties of microwave absorbing materials used in calibration
targets,” 2006 IEEE International Geoscience and Remote Sensing
Symposium Digest (IGARSS-2006), Denver (August 2006).

R.C. Wittmann, A.E. Cox, and R.H. Direen, “Proximity effects in the
calibration of microwave radiometers,” Proceedings of the 2005
Antenna Measurement Techniques Association Symposium (AMTA
2005), 333 — 336, Newport, RI (Nov. 2005).

64



NOoKSE
[65] E. Gerecht, D. Gu, F. Rodriguez-Morales, and S. Yngvesson,
“Imaging and spectroscopy at terahertz frequencies using hot
electron bolometer technology,” Proc. SPIE Optics East 2006,
Boston, MA, 2006.

[66] E. Gerecht, D. Gu, J. Randa, D. Walker and R. Billinger, “"'Terahertz
Radiometer Design for Traceable Noise-Temperature Measurements,"
Conference on Precision Electromagnetic Measurements Digest
(CPEM 2006), pp. 660 - 661, Torino, Italy (July 2006).

NIST references available at http://boulder.nist.gov/div818/81801/Noise/publications/noise_pubs.html

65



