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ABSTRACT

Research has been done in order to correct temperature variations in a total power
radiometer. This radiometer type is compared with other radiometer types currently being
used. The temperature dependence of several radiometer parts is analyzed. It appears that
the diode, theoretically and practically, is the main cause of radiometer parameter
variations due to temperature variations. Software is developed to process the measured
data and translate these into radiometer parameters. Also a program is written that can
correct for temperature variations. This program only works adequately if the temperature
dependence of the parameters is measured accurately. Some initial measurements were
performed with the best possible experimental set—up presently available at EUT. Still, a
more accurate set—up should be made, in order to define the temperature dependence of the
local and overall parameters. The accuracy of such a set—up comes close to the best
realizable set—up, especially for the temperature measurements.
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1.INTRODUCTION.

Because of the growing need of telecommunications with geostationary satellites, more
transmission capacity is needed. A way to increase this capacity is the use of higher
frequency bands. Above 14 GHz (the current limit of practical civil exploitation), the
quality of the satellite link is limited by propagation effects, especially attenuation by the
atmosphere. Therefore, it is necessary to explore new frequency bands by propagation
research. The most relevant parameter of a propagation path that has to be measured is
the propagation loss. There is a relation between the attenuation on a propagation path in
a certain frequency band and the thermal noise received at the same path and in the same
frequency band [1]. A radiometer, which is a highly sensitive microwave receiver and
antenna, is capable of measuring thermal noise and therefore capable of providing relevant
information about the propagation loss.

The classical design of the radiometer needs a very accurate temperature stabilization and
continuous calibration to a reference source. The temperature stabilization is done
externally, by keeping the radiometer environment at a well—-defined physical temperature.
A new approach to the design of radiometers will be investigated by application of modern
methods, especially the use of sensors and on—line data processing. This could lead to much
more compact and less expensive systems.

In chapter 2, the three most used radiometer types are discussed. In chapter 3, an
expression for the radiometer sensitivity is derived. In chapter 4, the temperature
dependence of the semiconductor components in the radiometer is discussed. In chapter 5,
general expressions are derived for the temperature dependence of the global and local
temperature dependence of the radiometer parameters. In chapter 6, the programs that
simulate the behavior of the radiometer and process the measured data are discussed. In
chapter 7, the measurements are presented and conclusions are drawn in chapter 8.



2. DIFFERENT RADIOMETER TYPES.

In this chapter three different radiometer types will be discussed: the total power
radiometer, the Dicke switched radiometer and the noise—injection radiometer.
Before the different types are discussed, the idealized radiometer is analyzed .

Vout

Ta-= Radiometer
G, B

Figure 2.1: The idealized radiometer.

The radiometer selects a portion of the available output power in a certain frequency
band from the antenna. The available output power is the maximum output power for
an input signal matched with the antenna. The power selected is the available noise
power P,. Here this power is represented by the available noise temperature T,, which
is related to P, as:

Pa = kBTa (2.1)

Where k is Boltzmann’s constant. This portion is specified as that power in a certain
bandwidth B around a given center frequency. It is amplified with gain G and will be

Vout
Noiseless od

Ta-—= Radiometer | /

G, B

Trec

Figure 2.2: A "real" radiometer.



presented on a display (Figure 2.1). It shows [2,3]:
Vour=cGPy=cGkBT, (2.2)

Here k is Boltzmann’s constant and c is a linearity constant. Unfortunately, the
receiver itself will generate noise, here represented by the receiver noise temperature
Trec (Figure 2.2). The antenna signal and the receiver noise are independent, so they
will add on a power base. Because the noise sources are independent, they can not be
detected separately. The meter now displays:

VOut = C k B G (Ta + Trec) (2.3)

2.1 The total power radiometer.

M1

A 4

R
¥
S

Figure 2.3: A total power radiometer.

The scheme of the total power radiometer is the closest to the idealized radiometer
scheme. It also consists of an antenna, an amplifying system, and an output indicating
system. The system can be represented as given in the block diagram of figure 2.3. The
gain in this radiometer is established by the multiplication of the transfer functions of
the different parts and represented in this diagram by Gis, Gf and Gyig. Of course, the
gain also includes the losses from the different non—amplifying parts (filters, the mixer,
waveguide, matching losses). The frequency selectivity is established by a filter with a
bandwidth Bjs (centered around a given frequency) and by the frequency selectivity of
the RF amplifier that has a bandwidth B;. B, is usually larger than Bjf, so the
resulting bandwidth is Bj;. Then the microwave power has to be detected. Using
microwave semiconductor diodes, there are two options to choose as a detector type:



the linear detector and the square—law detector. It is very attractive to use the
square—law detector: the output voltage will be proportional to the input noise power
and therefore to the input temperature. The input signal for the detector should be
amplified before it is applied to the detector. This is to get the signal at such a level,
that the diode can operate as a square—law or linear detector. Cheaper amplifiers are
available for IF signals. To achieve good detection characteristics, the input signal to
the radiometer should be amplified before it is applied to the diode detector. At
present radio frequency (RF) amplifiers with good performance (high gain, low noise
figure) are too expensive for RF = 30 GHz. This frequency is one of the frequencies
that are of interest for propagation research with the Olympus satellite as performed
on EUT. Therefore it is necessary to convert the RF signal down to an intermediate
frequency (IF), so that IF amplifiers can be used. The device that converts the
frequency down is a mixer. To find the mean of the signal, coming from the detector,
an integrator can be used. With a longer integration time the signal can be smoothened
more. The output voltage will be a (slow—changing, pseudo) DC signal, and can be
expressed as:

Vout =C k B G (Ta + Trec) (2.4)

Vout is totally dependent on Trec and G. These can not be regarded as stable enough to
satisfy reasonable requirements of absolute accuracy.

The sensitivity of the total power radiometer will be derived in chapter 3, but for the
sake of completeness be stated here:

AG]2

AT = (Ta + Tfec)JBl_r + [_G (2.5)

The major problem of this scheme is that its temperature dependent gain varies with
time. In the absence of any gain variations, it would be the radiometer with the best
sensitivity AT.

2.2 The Dicke radiometer.

To reduce the instability problems of the existing radiometers of his time, R.H. Dicke



proposed a scheme [4] in 1946 for reducing the effects of gain fluctuations in a
radiometer. Instead of using the radiometer to measure the antenna temperature
directly, the difference between this and some reference temperature is measured.

The receiver input is switched at a constant rate between the antenna and a reference
load, with a constant noise temperature Tres. Now the output is proportional to the
temperature difference between the antenna and the reference load. The block diagram
is shown in figure 2.4. Again an expression for V¢ can be found:

Vout = ¢ k B {G(Tg+Trec)—G(Tres+Trec)} (2-6)
This can be reduced to:

Vout = ¢ k B G(Tg—Trer) (2.7)
Note that the sensitivity to gain and noise temperature instabilities is greatly reduced

in this radiometer type, especially if the reference temperature Tref is chosen closely to
the expected available noise temperature T,.
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Fswitch
Gy By Squa.r:e law l o Guideo Integiator .
e |
o M1 X M2 & S PR
/'Ta ~C - = o L3

M1: matching circuit IF-filter «+ square law detector
M2: matching circuit square law detector «+ video amplifier
R: recording unit

Figure 2.4: The Dicke radiometer.

T,

The switching frequency has to be chosen high enough, so that G is constant while
Vout i5 being determined. Now Tyrec has been eliminated and only changes in G will
influence the results. Using equation (2.7), the available noise temperature is found to

(2.8)
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The sensitivity AT of the Dicke switched radiometer will be:

J2(Ta + Trec)2 + 2(Tref + Tx'ec)2

’ Br

2.3 The noise—injection radiometer.

AT

(2.9)

From equation (2.7) it can be seen, that the output of a Dicke switched radiometer is
zero if the reference temperature and the antenna temperature are equal. If a way is
found to keep the reference temperature the same as the antenna temperature, there is
a radiometer of which the output is not dependent on G or Trec. The noise~injection
radiometer is designed according to this principle [2]. Figure 2.5 shows, how the output
noise temperature Tinj of a variable noise generator is added to the antenna signal T,
so that the resultant input Ty’ to the radiometer is equal to the reference temperature
Trer. A serve loop adjusts Tinj to maintain the zero output condition. From equation
(2.7) it follows:

Vout = ¢k B G (Ta’—Tref) =0 (2.10)
and as:

Ty’ = Ta + Tin; (2.11)
Ta satisfies:

Ta = Tret — Tinj (2.12)

Tref is a known constant. Tinj has to be known to find Ta. The accuracy with which
Ta is determined is independent of the accuracy of the Dicke switched radiometer. It is
only dependent on the accuracy of Tinj and Trer. The sensitivity of the noise—injection
radiometer is found using (2.9). See also [2].

J2(Ta’+ Trec)2 + 2(Tref + Tmc)2

[Br

AT

(2.13)
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M1: matching circuit IF-filter « square law detector
M2: matching circuit square law detector «— video amplifier

R: recording unit
F: feedback control
N: noise source

Figure 2.5: A noise—injection radiometer.

But, as Ty’ is equal to Tref, equation (2.13) reduces to:

Trest + Trec
AT =2 (2.14)

B

The noise-injection radiometer is the design that is expected to have the best
sensitivity, because AT is insemsitive to gain variations [2,3]. The output is
independent of gain and noise temperature fluctuations. The sensitivity when no gain
variations occur, is not as good as the sensitivity of the total power radiometer,
though. Furthermore, this scheme is very complex and therefore very expensive.
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3. SENSITIVITY IN RADIOMETERS.

Radiometer sensitivity, AT, is the smallest available input noise temperature that can
be detected from the radiometer output. This figure is taken to equal the uncertainty
in measuring the off-source noise power output referred to the system input.

The radiometer is assumed to be perfectly linear before the diode detector, the
predetection circuits serving only to increase the predetector signal and to set the
bandwidth. The derivation of AT is really the analysis of the output of a detector, the
input of which is bandlimited white noise. The standard deviation op of the output
voltage of the integrator then equals:

op=ckBG AT (3.1)

The average input power P ; at the square—law detector equals:

P i= kB Gpre (Ta + Trec) (32)
Here Gypre represents the gain before the detector.

3.1 The variance of the output signal.

The samples of the random signal are taken very close together relative to the spacing
between independent samples. The variance for integration over a time 7 is given by
[5,6]:

2 T t
— [a-FRatva (3.3)
0

2
o =
p

To find the variance of the output signal from the integrator, the autocovariance
Rsi(7) of the integrator input has to be calculated. The autocovariance is defined as:

Ret(7e) = Rine(7e) = Vin o 2 (3.4)
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Where Ring is the autocorrelation of the integrator input signal and V; ¢2 is the
square mean of this signal. If the voltage gain between the detector and the integrator
is taken to be Gpost, the autocovariance of the integrator input equals:

Rsf(‘rc) ; G;ost (quo(‘rc) -V 8q 02) (3°5)

V5 q o is the mean power at the output of the squareJaw detector. V5 q o relates to

Pi as Vg q0 = c Pi. Now the autocorrelation Rgqo(7) of the output signal of the
square—law detector has to be found.

3.2 Deriving the autocorrelation of the square—Jaw detector output.

At the input of the square—law detector, there is a bandlimited white noise signal. In
this observation, the signal is assumed to be an ideal bandpass signal. The spectrum of
this signal is given in figure 3.1.

Sylw)
(d) 4 5yla) (B)
|| 2\'.;‘2-01‘)/77
1 | i & | i W
—w T wy 0 wy | w2 '2“}2 I -Zw, 0 2U| I 2U2
~We +w¢ 'ZUJC +1wc

Fig. 3.1a: The power spectrum of the input signal for the square-law device.
b: The power spectrum of the output signal of the square—law device.

The autocorrelation function of such an ideal bandpass white noise signal is:

___sin(#B7¢)
qui('rc) =P j ————— COS(UcTc) (3.6)
TOTc

Here wc is the center angular frequency of the IF signal. Because the input x(t) is
Gaussian, the autocorrellation Rgqo of the output of the square—law detector can be
found with [7]:
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Reqo(7e) = ¢ B{x¥(t+7e)x3(1)}
= ¢ (E{x2(t+7c)}E{x2(t)} + 2E{x(t+7¢)x(t)}) (3.7)

Reqo(Te) = ¢ (Raqi(0) + 2Raqi(7c)) (3.8)

hence the autocorrelation of the output signal is:

o §in? (7B7)

Reqo(e) = ¢ (P 1 (1+cos(2were)) + P 12) (3.9)

7B7. )32

Now, if the higher frequency components (w > wc) are eliminated, the autocovariance of
this signal is:

9 9 9 o 8in? (7B7c)
Rsf(Tc) = Gpost(quo(Tc) -Vs qo ) = Gpost.(vs qo —) (3-10)
(#B7¢)?2

If this is used in equation (3.4), the term t/7 can be considered negligible over the
region where the autocovariance function is of significant size in the integrand, so (3.3)
may be approximated by:

2 -—9 T
) 2Gp05§Vsq0 J‘51n2(th)

g =
(7Bt )?

. . dt (3.11)

This can be integrated analytically to obtain:

g =

P BT

T —
G Y cos(27Br)-—1
P —o o 290 [ + 2 Si(27B7) (3.12)

BT

Here Si(x) is the sine—integral function. If Br >> 1, the first term in the square
brackets is negligible, the second term is approximately x. Now equation (3.12) reduces
to:

2 — 2 .2 —
2 GPOStVSq02 c GpostPi2

ap ] BT = BT (3.13)
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Using (3.1) and (3.2), and knowing G = GpostGpre, it is found that:

Ta + T
ATL o 5= o (3.14)

P IBT

Equation (3.14) only accounts for the measurement uncertainty due to noise
fluctuations and does not incorporate receiver gain fluctuations. The root mean square
uncertainty in T, due to system gain variations may be defined as [6]:

ATg = (Ta + Trec) [A_g] (3'15)

‘When naming the AT of eq. (3.14) ATn, it is found that:

AT=J(ATn)2 + (AT8)2

1

= (Ta + Trec) BT +

G

AG] 2 (3.16)
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4. ANALYSIS OF THE RADIOMETER PARTS.

As it has already been mentioned in chapter 2, the radiometer consists of several functional
parts. In this chapter, an analysis of these parts is made, especially for the temperature
dependent characteristics of these parts. It will specifically refer to the actual use in a total
power radiometer

4.1 The detector diode.

To detect a microwave signal, a steady or baseband signal whose amplitude is related to
that of the original signal has to be produced. To achieve this, the input signal should be
applied to a non—linear device. For this device, usually a diode is used.

It is very important that a good detector diode is chosen. The most important parameters
that will be discussed here, are the voltage sensitivity 7, the linearity constant k, the
tangential signal sensitivity TSS, the video resistance Ry, the nominal detectable signal
NDS, an the noise corner frequency. The following diode types will be discussed: the
Schottky—barrier, the tunnel and the PIN.

4.1.1 Characteristics of diode detectors.

A. The current—voltage characteristics.
An ideal diode follows the diode equation:

qV
Iq = I(exp kT -1) (4.1)

According to equation (4.1), a detector diode can be represented by several constants, the
most important are n, the ideality factor, greater than one, but close to unity and I5, the
saturation current. In this equation I4 is the diode current, V the voltage across the diode
junction, q is the charge of an electron, k is Boltzmann’s constant and T is the temperature
in Kelvins.

B. Video resistance (Ry).

The equivalent circuit of a diode is shown in figure 4.1, where L, and Rs are a series
inductance and series resistance, respectively; Cp is the package capacitance, C; and R; the
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junction capacitance and junction resistance, respectively. Rs, Rj and C; are dependent on
diode material and the junction property. The video resistance is defined as the sum of the
diode series resistance and the junction resistance:

The junction resistance is the dynamic resistance of the diode, and it is a function of the
DC bias current. It can be obtained by differentiating the diode current~voltage
relationship. It is given by:

dVv nkT |
Ri=qT=9(Ts + 15)

(4.3)

Figure 4.1: Equivalent circuit of a diode detector.
C. Voltage sensitivity (7).

Voltage sensitivity specifies the slope of the output voltage V, versus the input power P; of
the detector diode:

Vo= 1P (4.4)

v is only defined for the square law mode of the detector. The value of 4 depends on the
load resistance, R; (see figure 4.5), the signal level and the frequency of the input signal.
The signal level must be kept in the square law range of the diode. With a higher input
signal level, the diode will operate in the linear detection mode, or will even get to
saturation (Figure 4.2). A high value of 4 means better sensitivity.



18

D. The linearity constant (kg).

As follows from figure 4.2, the diode can also operate in a linear detection mode. Then a
linearity constant kg is defined:

Vo = kqV; (4.5)

Here Vj is the input voltage and V, is the output voltage. In this mode, it is important
that the signal level is kept in the linear range.

Linear

10V~ z
Square
law
1V /
/
/
o 100 mV |~
(-]
2 ’
[ S
3 10mv— E = P, (square law)
3 E = AaE.(Imear)
1mV—
100 wV |-
/
/
10 WV ] | | [ J
-60 -40 -20 0 20 40
input power {dBm)

Figure 4.2: Ranges of square—law and linear behavior in a diode detector.
E. Nominal detectable signal (NDS).

NDS is that input IF power level that must be applied to the detector diode that the video
power from the detector is 3 dB higher than the video noise level. Besides this it is defined
sl exactly that microwave power required to produce an output power equal to the noise
power [8]. This means that the noise, generated by the detector can be expressed by a noise
source with power level NDS at the input of a detector, that does not produce noise. The
noise that is generated by the detector will add an extra DC component to the output
voltage of the squareJaw detector. In a well-dimensioned system, NDS is negligible to the
input signal of the diode. Also, video frequency noise adds to the random variations at the
output of the square-law detector. The noise voltage is given by [12]
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Un = EJ 4kTRe B (4.5a)

Here Req is the equivalent noise resistance of the diode. The diode behaves like a noisy
resistor with value Req.

F. Tangential signal sensitivity (TSS).

TSS is the most common sensitivity rating for diodes. A tangential signal is defined on an
oscilloscope display as a pulse whose bottom level coincides with the top level of the noise
on either side of the pulse (see figure 4.3). In order to eliminate the subjectivity of the TSS
measurement, diode manufacturers define the TSS signal level as the signal level at the
input of the diode generating a video output signal which is 8 dB greater than the video
noise level.

VIDEO VOLTAGE WITH
TSS INPUT POWER LEVEL

VIDEO NOISE
VOLTAGE

o]

Figure 4.3: Representation of a TSS measurement.
signal [9]. For square law detectors, this places TSS approximately 4dB over NDS.
G. Noise corner frequency.

The presence of a series resistance in the diode substrate makes the effective noise output
comparable to resistor noise at high frequencies. The ratio of diode noise power to resistor
noise power, the noise temperature ratio, is close to unity at frequencies above a few
megahertz. At lower frequencies, diode noise gradually increases and soon reaches an
inverse frequency behavior. This excess noise contribution is called flicker noise or 1/f
noise. There is a frequency at for which the 1/f noise line crosses unity noise temperature
ratio. This frequency is called the noise corner frequency. The noise corner frequency is
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dependent on the type of diode and the bias current. That is, it increases with an increasing
bias current [10].

4.1.2 Different diode types.
A. The Schottky—barrier diode.

A Schottky diode uses a barrier, this is a metal to semiconductor junction, to form the
diode. In an n—type Schottky—barrier diode, the current flow consists of the majority
carriers (electrons). This means that this device can switch very rapidly from forward to
reverse bias without minority carrier (holes) effects. The current—voltage characteristics
resemble that of a pn—junction, except for the following differences:
—the reverse breakdown voltage is lower,
—the reverse leakage current is higher with the same
resistivity of the used n—material,
—the forward voltage of a specific forward current is
generally lower for a Schottky diode.(see figure 4.4).

!
T r~ Schottky(a) !
|

:' PIN(b) tunnel(c)

! J )
Breakdown { P

Y —
- —— - v
[

Forward

Reverse biased
biased —3
Backward v
diode operation

-

hd TN

Figure 4.4: The voltage—current curves for a Schottky (a), PIN (b) and tunnel (c) diode.
All Schottky diodes have a lower noise corner frequency than pn junction diodes [11].
B. The tunnel diode.

A tunnel diode is a pn junction device whose doping level is made purposely high. This
produces a very narrow junction across which electrons can tunnel easily. The tunneling



21

phenomenon is a majority carrier (electrons) effect. The tunneling time of carriers through
a potential energy barrier is governed by the quantum transition probability per unit time.
The tunneling time is very short, permitting the use of tunnel diodes well into the
millimeter wave range. The current—voltage curve of a typical tunnel diode is shown in
figure 4.6b. When a tunnel diode operates as a detector, it is often biased at a voltage
somewhat lowér than the voltage corresponding to the peak current I,. However, a bias
voltage in a tunnel diode is not critically required.

C. The PIN-diode.

A PIN—diode is a pn—junction with between the p*—region and the n*—region an intrinsic

_er, also called the i—region. The PIN—diode structure is equivalent to that of a
pn—junction in series with a very high resistance formed by the intrinsic semiconductor. It
should still have a high resistance according to this model, even when forward biased, but
in practice this is not so. As soon as it is forward biased, a current I4 appears because holes
pass from the p*— to the i—region and electrons from the n*-region to the i—region. Before
this, the intrinsic region contained practically no free carriers, and has a high resistance,
but by the injection of these free carriers the resistivity decreases. This implies, that the
series resistance decreases, too. It can be shown that the resistance is dependent on the
steady voltage, applied to the diode [12].

4.1.3. The diode as used in the radiometer.

For the radiometer, it is very useful to have an output signal (voltage) with a linear
relation to the input noise power. In order to achieve this, the detector will have to operate
in the square law mode. In order to use this square law detector, several conditions have to
be satisfied. In general, like for any other device, there should be no reflections, or the least
possible reflections at both terminals of the detector. Next to this, the input signal should
be at a sufficient level, in order to operate the diode as a square—law detector. The input
impedance of the diode does not match with 50 Ohms. To match the input signal of the
diode, an active diode input match was made [13]. The total circuit is displayed in figure
4.5.

The part of the circuit left of the dashed line is the diode input match. From [13] it can be
seen that the gain of this circuit is equal to:



22

Yo,

Gmin= Rc+Rv (4'8)
- Y3
R:.Ry

For Y3, = 33 exp(j57/6) and Y3, = 1.1exp(j0.497) it can be found that the influence of the
video resistance of the diode, Ry, and R is negligible, because they both have a resistance
of a few k€2’s. Then it follows:

I
H
e

2

1
ERI

Fig 4.5 The diode detector circuit, with input match and load resistance.

Gmin = 30 or Gmin = 14.8 dB

For a zero bias schottky diode detector, the junction resistance R;j can be written as (eq.
4.3, I3 = 0, zero bias):

R; = El(l-lf% (4.9)

Where the saturation current I is calculated from [14]:

I, = AA Tlexp [‘%ﬂ (4.10)



23

*
Here A is the diode area and A is the modified Richardson constant [16], k is Boltzmann’s
constant, T is the temperature, ¢ is the barrier voltage and q is the charge of an electron.

*
If we take ¢; = AA and ¢=0.5, n=1 [14], the video resistance is (eq. 4.2):

exp(5800/T)
—_

11600 T c,

(4.11)

The series resistance is proportional to the physical temperature. The typical value of the
series resistance at T = 298K is 15Q [15], so:

15 T T
Ri=—=—o (4.12)
298 19.9
This all results in:

__ exp(5800/T) N T w13)

v

11600 ¢; T 19.9

The basic voltage sensitivity, 7o = SRy (where £ is the current sensitivity of the diode and
assumed to be constant as a function of the temperature) for is degraded by the diode
parasitics to:

y=—»PRy (4.14)
14+ wC RsRv

And the load resistance reduces this with:
R,
T + R (4.15)

Resulting in a voltage sensitivity:

i e (4.16)
Ri + Rv 1 + w CRgRy

The function seems to reach a maximum for a certain temperature. In order to find this
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maximum, the derivative of 4 with respect to T can be taken and set equal to zero.
g{% =0 (4.17)

When calculating this, it comes to the equation:

2.2
5800] , [5800]\ , w’C’exp(11600/T)
—Rl(l + exp[ ] + [ ]) + =0 (418)
T T 19.9 (11600)%c

This equation still contains 4 variables: R), C, c; and T. C and c; can be chosen by picking
a suitable diode. Usually, I is given for a diode at a certain temperature, so cl can be
calculated from equation (4.10). In theory, R; can be chosen to get the temperature at
which 7 reaches its maximum in the range of the temperature at which it operates, but in
practice, it is chosen to be equal to Ry, so that R; has the lowest possible noise
contribution [13]. At the temperature at which v reaches a maximum, v has low sensitivity
to temperature changes. In order to get the maximum in the operating temperature range,
a lower load resistance is needed, which causes 7y to degrade quite much, according to
equation (4.15). This means a trade—off can made for absolute 4 and the noise contribution
of the load resistance towards the sensitivity of vy towards temperature. The result comes
closer to the performance of a tunnel diode or to a biased Schottky diode, for which the
latter the video resistance is dependent on the bias current rather than the saturation
current (eq. 4.3).

In the actual circuit, the diode is chosen to be an HSCH 3486 of Hewlett—Packard. For this
diode, the following specifications are known at T = 25 °C (298 K) [15]
2kl < Ry < 8kf2

7> 7.5mV/uW
C=03pF
Is =1.0 ‘I-A

Further, the load resistance has a value of 4.7 k2. From (4.15) it follows that Ry increases
with temperature. The specifications of the diode are far from well-defined. This means
that the specifications can vary for various individual detector diodes of this type.
Therefore the temperature variations can not be known until they are measured. From
these typical values, the diode voltage sensitivity can be calculated as a function of the
temperature. A plot of the normalized voltage sensitivity as function of the temperature is
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shown in figure 4.5a. It appears that, for these specifications, the diode voltage sensitivity

could have a maximum close to the temperature range in which the radiometer operates.
1.10

o =
8...-8-

Normalised volt. sena.

:

Sdodd N3 oy

Diode temperature (<
Figure 4.5a: Calculated voltage sensitivity as function of the temperature.

4.2 The Mixer.

In order to convert the 30 GHz RF signal to a frequency of 100MHz, the Rf signal needs to
be mixed with a local oscillator signal of 29.9 GHz. The most common way to mix two
signals is to apply them to a device with non-linear current—voltage characteristics. A
convenient way to describe the transfer characteristics is by the use of power series [12]:

m
Vo= ZKaVi (4.19)

m=]

The first term is linear and K, is the small signal gain; the second term is quadratic and
produces the second harmonic. Ky are other constants in this power series. Vj can be taken
as the sum of two sinusoidal input voltages Vi = V), + Vyf, where V), has a frequency fj,
and Vs has a frequency fis:

) m
Vo = Ky(Vio + Vis) + Ko(Vio + Vis)” + E Ka(Vio + Vis)" (4.20)

V1, is the local oscillator (LO) voltage and Vs is the radio frequency signal (RF) voltage.
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Equation (4.20) becomes:

2 o 2 o
Vo=[KiVio + KaVie' + ZKaVio ]+ [KiVes + KoVir + I KaVig] +

m=3 mz3
response to v10 response to vrf
2 2 T m-1 n _ m-a
+ [2KaV1oVrs +3K3V1oVis + 3K3VioVs+ £ 2 KgVioVesf ] (4.21)
m=3 n=1

crossproducts

It can be shown by trigonometrical identities that a term in V?o generates a frequency of
mfj, and a term in V‘:f generates a frequency of mfyf. A cross term of V?OV?,- will produce
signals with a difference frequency mf},—nf;f and with a sum frequency mfjo+nfis. In a
mixer, only the cross term with frequency fjo—ff is important. The other harmonics have
to be eliminated, so that no term with difference frequency mf},—nf;f, with m#1 A n#l will
be in the same frequency range as fjo—f;f, or at least not at a significant power level.

4.2.1 Characteristics of mixers.

A. The conversion gain G

The conversion gain is defined as the ratio between the output IF power and the input RF
power.

Ge = 10 "log gg (dB) (4.22)

The conversion gain is always negative for a diode mixer and mostly positive for a
transistor mixer. Losses occur because of:

—rejection of high—order intermodulation terms, this
introduces a loss of at least —3dB, because the power
that is in the summed frequency band is rejected,
where this power should have the same value as the
power in the difference frequency band,

—mismatching between the generators and the various
inputs to the active component,

—the series resistance in diode mixers.

The value of G¢ is closely related to the local oscillator amplitude and the type of mixer.
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B. Voltage standing wave ratio.(see appendix A)

The Voltage standing wave ratio (VSWR) is a measure for the reflection of the incident
wave of a microwave device. The VSWR at the input of a mixer is defined by:

1 % |T|
P=T—TT (4.23)

where the reflection coefficient I' is defined by:

Zi —Zc

T=g1—=7

(4.24)

Here Z; is the input impedance of the mixer at a specified input frequency (RF, LO). Z. is
the characteristic impedance of the device, connected to the input port. The VSWR is
strongly dependent on the LO amplitude which determines the operating point of the
active component. The value of p is usually defined at the midpoint of its range of
variation.

C. Isolation.

The isolation is defined as the insertion loss between two terminals of the mixer for a given
RF, LO or IF frequency. Its value is given by the manufacturer, over a range of
frequencies, as a function of the LO level, and sometimes as a function of the temperature.
Usually, the LO input/RF input and LO input/IF output isolations are the only ones
quoted. The RF input/IF output is only given if the RF level is such that there is a risk of
some RF persisting at the IF input.

D. Mixer noise and noise temperature ratio.

In this part the noise temperature of a diode mixer is discussed. There are two types of
mixers, the double sideband (DSB) mixer or the single sideband (SSB) mixer. The SSB
mixer uses only one sideband where the DSB mixer uses both sidebands. For each sideband
there is a transducer gain G¢, defined as the derivative of the output power of the mixer
with respect to the input power at this sideband [16]. In case of an SSB mixer, a signal
exists in one sideband only, so the SSB noise temperature only adds at one sideband. The
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output noise temperature as given by Maas [16] is:
Tout = (T + Tssb)Ge + TiGe (4.25)

Here T is the input noise temperature. Then the SSB noise temperature Tggp is:

To ut — 2G.T;
Tssh = Go (4.26)

Tg, the effective diode noise temperature can be defined with the next relation:

Td(l - 2Gc) = TOU: - 2GCTi (4.27)
Tssp now relates to T4 as:

Tssb = Td(Lc—z) (4-28)
Here Lc = 1/G is the mixer conversion loss.
In case of a DSB mixer, Two sidebands are viewed, and the output noise temperature Tqyt
is:

Tout = (Ti + Tdsb)Gc + (Ti + Tdsb)Gc (4-29)

Then the DSB noise temperature Tgsp is:

Tou t — 2GcTi
Tasb = IeP (4.30)

Using T4 and Le:
Tasb = Ta(Le—2)/2 (4.31)
Usually, a noise temperature ratio N is defined [16]:

N= Td/Tmix (4'32)
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Where Tqix is the physical temperature of the mixer. Then the expressions for Tgsp, and gsb
are:

4.2.2 Diode mixers.

A typical non-linear element is a semiconductor diode. With diodes, the current—voltage
curve is exponential (see also section 4.1) An exponential function can be written in a
power series:

x By X, x
e = 2m=1+x+;+-°— + ... (4.35)

ns)

As follows from this equation, the higher harmonics are attenuated by n! for the n—th
harmonic. Figure 4.6 gives a basic scheme for a diode mixer. A voltage

{
4 > i- VRF
D e

Figure 4.6: A basic scheme for a diode mixer.

V = Vjo + Vysis applied to the diode, with |Vie| » | Vrf|. Because Vit is small compared
with V), the diode conductance G ( = dI/dV ) is modulated with Vy,, so the conductance
varies with G = Gyo. V produces a current I (I = Irf + Ijr) through the diode with all
harmonics of V¢, which generates an output voltage Vi’. Go and V' can be expressed in
Fourier series:

o
Glo = E gnexp(jnwlot) (4.36)

=—p
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[+ ]
Vi’ = ¥ Vyexp(jmurst) (4.37)

m=-w

Now the IF current is the product of the diode conductance Gj, and the diode voltage Vi’

@ [+ o]
Iir= ¥ ¥ goVaexp[j(+ nwio + murs)t] (4.38)

nz0 m=0

It comsists of all possible intermodulation products. In equation (4.38), g is proportional to
|V10|n/n! and Vy, is proportional to |V,-f|m/m!. This means:

[Vio| " [Veg]"
gan=61 o1 mT (4.39)

With c, as a proportionality constant. The components with frequency mfrs+fi,

(weg = 274, wip = 27 1o) will be much smaller than the components with frequency
fri+nfio, because |Vio[®|Vr|.If we take |V)o| = ca2| V|, with ¢, another constant,

greater than 1:

¢c2|Vreg| |Veg]"
m!

g1¥n = C; (4.40)

and:
(C2)nlvrf|n|vrf|
n!

gaVi=c¢; (4.41)

It is easy to see that, for n.=m>1, gV is much smaller than g,V,, because c2»1.

4.2.1 The mixer as used in the radiometer.

In a radiometer, the mixer is the main cause of receiver noise. In order to minimize the
receiver noise, it is important to choose a mixer with a the lowest possible noise figure. A
lower noise figure can also be achieved by using an RF amplifier at 30GHz before the
mixer. There is only a financial problem to encounter. Such an RF amplifier costs very
much. In the future, when RF amplifiers might be cheaper, it is very interesting to add this
amplifier, or even to make a direct receiver, in which the mixer is removed from the
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scheme. This would also remove the temperature dependency of the conversion gain.

4.3 The oscillator.

In order to get a signal to mix the RF signal with, a local oscillator is needed that produces
a frequency of 29.9GHz. A microwave oscillator is a system of active and passive
components that produces a periodic output signal, of which the amplitude is not related to
an input signal other than the signal from the power supply. The frequency may be varied
by an external control signal. The wave form may be purely sinusoidal or distorted,
depending on the non-linear characteristics of the active element. In a radiometer, an
oscillator can be used as a local oscillator, of which the output signal can be mixed with the
input signal of the radiometer.

4.3.1 Characteristics of oscillators.

A. The frequency at which it oscillates, f,,

B. The range of frequency over which the oscillator can be varied by a given external
control, the tuning range Af,

C. The microwave power output, P,

D. The efficiency 5. 5 is the ratio of the microwave power output to the DC power supply
to the oscillator.

E. The Quality factor or Q—factor. This is defined by the following expression, in which ¢,
is the energy stored by the oscillator and eg the amount of energy dissipated per period:

27€,

Q= (4.42)

€d

F. The stability S of the output signal. This is the ability of the oscillator to deliver a
signal at a fixed frequency and amplitude whatever internal or external excitation.

G. The spectral purity of the output. The output is affected by different types of noise,
such as frequency—, phase— and amplitude—modulated noise, and harmonic distortion.
Harmonic distortion is defined as the ratio of the sum of all the harmonics of the oscillation
frequency to the amplitude of the fundamental:

® P(nf,)
Harm. dist. = _" = 2 (4.43)
P(1,)




32

H. The synchronization s of the output signal. This is the the ability of the oscillator to
produce a signal with a frequency equal to that of the signal of another oscllator coupled
to it.

4.3.2 An example: the negative resistance oscillator.

An oscillatory RLC circuit supplied with an input voltage Vj is taken and the output
voltage V, across the capacitor terminals is considered (figure 4.7). The transfer function of
this circuit is:
Vo(s) 1
T()=vi(s) =1 + LCs? + RCs

(4.44)

Figure 4.7: An RLC circuit.

‘Here s (= jw) is the Laplace variable. Taking the standard form of this transfer function for
a second—order circuit:

(4.45)

T(s) =5 1

By
+
[ )
R

I

w s + 1

where

wy = E_% (4.46)

o= ,1} J'%’ (4.47)
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Take a step voltage for the input,

Vi(t) =0 (t<0) (4.48)
Vit) =E  (£20)

The Laplace transform of the output voltage is now:

E
Vo(s) = T(s)Vi(s) = [1 + 5 % + 521 ] (4.49)
n wa

Only when a is equal to zero, this system will oscillate. This means, from equation (4.21),
that R has to be equal to zero to satisfy this condition. The oscillatory frequency would
then be:

1 1

fo=5— wn = (4.50)
°T 27 21]LC

This can also be written as:
jwnL = — 1 (4.51)
JwnC

This means that the system will oscillate under the following conditions:

sum of real parts of impedances = 0
sum of imaginary parts of impedances = 0

The frequency of the oscillator can be changed by changing the value of the capacitance.
This can be done by replacing it by a variable capacitance diode or varactor. The tuning
range will then be dependant on the range of the varactor. Because losses always exist in
passive networks, which means that R can not be equal to zero in such a network, a
negative resistance needs to be produced to compensate the losses. This can be done by
using a two—terminal network, containing an active device.
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4.3.2 The oscillator as used in the radiometer.

In a heterodyne total power radiometer, the oscillator operates as a local oscillator. For
this purpose, the level of the oscillator signal should be quite stable, so the oscillator will
not introduce any gain variations in the radiometer. In the measurement set—up of chapter
7, only the IF ‘and video part of the radiometer is discussed. Therefore, no oscillator has
been chosen to be used for the radiometer.

4.4 The amplifiers.

In order to amplify the signal to a sufficient level for the diode detector to operate in the
square—law range, amplifiers are required. An amplifier is a two—port network at the input
of which a signal power P; is injected in order to extract a greater signal power P, at the
output. The main characteristic of an amplifier is the power gain, the ratio of P, to P;.

An amplifier consists of one or more active components inserted into a passive circuit. First
an active component has to be selected which suits the required performance the most.
Next the passive circuit has to be constructed into which the active component is to be
inserted.

4.4.1 Characteristics of amplifiers.

A. The voltage standing wave ratio (VSWR).

The microwave amplifier is considered as a linear two—port network defined by its
S—parameters (see appendix A) at a frequency f in a system with characteristic impedance
Zc. The idealized structure of an amplifier is shown in figure 4.8.

Enernol cireyit
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Figure 4.8: A model of an amplifier.

When the load across the terminals has a reflection coefficient of I'; (see appendix A), the
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reflection coefficient measured across the input terminals is:

S1282:1T¢
Pi=sll+1 . (452)

Then the VSWR at the input is defined by:

+ |
— |

1 T'j|
L L1 (4.59)

Lo ||

The same consideration can be done for the reflection coefficient I', measured at the output
of the network and the output VSWR:

S12521T,
P0=S22+ 1 — § ) ng (454)
__1 + [T s
Po=T71— [Tol (4.55)

Here I’y is the reflection coefficient of the generator connected across the input. To reach
maximum power transfer from the line to the network, p; should be as close as possible to
unity. For maximum power transfer from the network to the output, p, should be close to
unity. It can be seen from these equations, that when the output and the input are
correctly terminated (I'r = Ty = 0), which will be the best theoretical situation, then the
following condition must be satisfied:

Su = 522 =0 (456)

In practice, the active device(s) inside the network have a scattering matrix Sq, such that:
1) S p and 522T are different from zero;

2)S UT and SggT vary with frequency.

The design of an amplifier thus consists of finding a correcting network such that S i and
52211\ are close to zero over the whole frequency range within which the amplifier is required

to operate.
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B. Power gain G, transducer gain Go, available power gain G 4 and insertion gain.

The gain of an amplifier is defined as the ratio of two microwave powers P, and P;:

P, P,
G 210 "og p-(aB)orG 4 — (4.57)

Depending on the way these powers are defined, at least six types of gain can be found.
Here, four of them will be introduced, these are the most common types. The first one is
the generalized version, the others are special types cases for special input or output
terminations.

1) Power gain: the ratio of the output power P, and the input power P;. This can be
expressed in terms of the incoming wave a and the outgoing wave b of the two—port
network (see appendix A). Thus the power gain is:

2 2
|a2/b2| — 1
2
1 — |by/a,y|

2
P, | as| — | b2
= = 2 7=
a2  + |ba]

b,
a,

(4.58)

After replacing by/a;, as/bs and by/a; by their expressions in terms of I'g, I'r and the
S—parameters (see appendix A):

2
2 1 — |Pr |
G = |Sa] 2 3 (4.59)
|1 — S22T¢| (1 — [Ts] ")
Using equation (4.53), this shows when I'; = 0, G is given by:
2
|S21]
G= , (4.60)

2) Transducer gain: If P, is equal to the maximum power available from the generator
when the input is correctly terminated, then the transducer gain is found:

2 2
P, 2(1 — [Tr| )(1 — |Tg]| )
Gp =77 = |52l 3 3

(4.61)
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3) Available power gain: This is a special value of G when the output is correctly

terminated by a matched load, that is ['; = I‘o*, then the available power gain is given by:

2
1 — |Tg]
2 2
|1 — Sy Tg| (1 — 