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Abstract. The structure and design of. the microwave part of a balancing ra
diometer for biological investigations are described. The experimental character
istics of the microwave structure elements for development of a highly sensi
tive microwave radiometer for medical diagnostics in the 3.5-4.5 GHz frequency 
range are presented. 

1. Introduction 

Microwave thennography is an effective technique for measurement of the natural 
radiation of the human body in the microwave frequency range [l, 2]. The investigation 
results of several authors [3, 4] show the application possibilities of the method in cases 
of early diagnostics of malignant tumors. This passive and non-invasive method [ 5] is of 
great interest for medico-biological research, because it brings new informatio? for the 
temperature of the living tissues for depths of up to several centimeters (depending on 
the operating frequency). The attacked by the illness regions, having higher temperature, 
can be localized and their borders can be determined with a precision, depending on 
the device resolution [6]. In the infrared range the thennal radiation is the highest, 
but the implementation of infrared technique is restricted only to surface temperature 
measurement, because of the small penetration depth [7]. The determination of the inner 
body temperature by microwave thermography in combination with other conventional 
methods provides real advantages and gives good results (with 94. 7 % diagnostic rate 
[9]) in early diagnostics and healing of a wide class of illnesses ·[1 O]. 

2. Structure and Operation of the Radiometer 

In Dicke type radiometers the output signal· is proportional to the difference between 
the level of the noise power received from the investigated object and the level of the 
noise power from a calibrated outer noise source. The accuracy of the measured 
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JO 

investigated 
object 

antenna 

Fig. I. Block-diagram of a compensated radiometer Fig. 2. Noise power mismatches at the 
antenna/investigated object interface 

temperature depends strongly on the reflection factor on the border antenna/investigated 
object. Temperah1re error reducement at different reflection factors can be achieved by 
the application of the self-balancing Dicke radiometer. In Fig. 1 is shown the block
diagram of such a radiometer, where part of the power of the controlled noise source 
5 is directed to the antenna 1 to compensate t;he reflected power, radiated from the 
investigated object. 

The operation of the radiometer can be explained with the help of Fig. 2. We assume 
that the reflection factor on the border between the antenna and the investigated object 
is r, and the radiation power of the noise source and the object is Pn and P0 . Due to 
the antenna detuning, the total noise power from both sources, which is directed to the 
input of the switch 6, is 

P = (1 - f 2 ) Po+ f 2 Pn = f 2 (Pn - Po)+ Po . (1) 

When the power from the noise source to the antenna and the comparison chan
nel is equal to the radiation power from the object, then the radiometer is balanced. 
The controlled attenuator 4 regulates the power, which is directed to the antenna and 
to the comparison channel, and its voltage is proportional to the temperature of the 

investigated object. 
Another factor, which greatly affects the accuracy of the temperature measurement, 

is the difference in the signal transmission coefficients of the two channels, which is 
due to the loss in the line between the antenna and the radiometer. Analysis of the 
error is made in [3] for a radiometer, in which the switch of the channels is at the input 
of the radiometer. The structure we propose, with implementation of two directional' 
couplers, allows an effective and easy equalization of the transmission coefficients of 

the two channels. 

3. Calculation and Experimental Results 
The microwave part of the radiometer is designed in two separate blocks - the block 
of the low-noise microwave transistor amplifier 7 and the block of the passive part, 
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consisting of a microwave switch 6, two 10 dB directional couplers 2, a 3 dB power 
divider 3 and a controlled attenuator 4. All devices are fabricated by a planar technology 
on a microstrip on a glas~teflon substrate with dielectric constant c: = 2.44 and dielectric 
ioss tg 8 = 0.001. 

4. Microwave Low-Noise Transistor Amplifier 

The noise temperature T n and the amplifier band are the characteristics, which in the 
first order define the basic parameter of the radiometer - its sensitivity 

2Tn 
T= - (2) 

,/Bi, 

where t is the signal integration time. The amplifier is calculated for a noise temperature 
Tn < 150 Kin a frequency band B = I GHz (3.5-4.5 GHz). These parameters of the 
radiometer allow sensitivity better than 0.1 Kat integration time t = 0.1 s. The gain G 
is detennined by the sensitivity at the next stage of the square-low detector. 

The radiated from the human body noise power in the microwave region is given 
by the equation: 

Pn= kTB (3) 

where k is the Boltzmann constant, T is the body temperature (K), B is the frequency 
band (Hz). At minimal temperature of 20 °C (293 K) and a band B = I GHz, the 
radiated power is -84 dBm. At a typical minimal tangential sensitivity of the square
low detector of -42 dBm, the microwave amplifier must have amplification greater 
than 42 dB. 

To fulfill the requirements towards the microwave amplifier, a four-stage amplifier 
on HEMT type KGF 1876 is calculated and built. In the calculation is used a method, 
created by us, for designing wideband low-noise microwave transistor amplifiers. 
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Fig. 3. Equivalent circuit of the microwave amplifier 

Figure 3 shows the equivalent circuit of a single-stage amplifier. The matching 
circuits are modeled with ideal circuits - impedance transformers and negative capac
itances, which give in a wide frequency band minimum noise figure for a given gain. 
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The coefficients of transfonnation Nin, Hout and the capacitances -Gin and -Gout at a 
noise coefficient F < 1.5 dB (Tn < 120 K), at a gain G > 45 dB in the frequency band 
3.5-4.5 GHz are calcufated with the help of the optimization program SCOMPACT. 

8_ ---------- 50 

~ 6 - Radiometer Amplifier 
.._, IF frequency - 30 MHz 

40 

~ 
Eh 4 ~ 

tH - noise 30 

-- gain 

0 I I I 10 
3500 3750 4000 4250 4500 

frequency (Ml-lz) 

Fig. 4. Measured noise figure and 
gain as function of the frequency 

The next step is the replacement of the ideal 
circuits with bandpass filters, which have the 
same characteristics as those of the ·model in 
the specified frequency band. Durillg the syn
thesis of the filters the calculated Nin and Hout 

are used, and they have real capacitances, equal 
to Gin and Gout at their inputs. In the next op
timization step of the amplifier these reactances 
are not present in the filters structure, and so the 
characteristics of the ideal circuits are achieved 
in the frequency band. 

The obtained meanings of the discrete ele
ments are used in the calculation of filters with 
distributed parameters (parts of microwave lines) 
which are once more optimized in the frequency 
band. 

Figure 4 shows the measured characteristics of the low-noise amplifier. In a fre
quency band of 1 GHz (3.5 - 4.5 GHz), the amplifier shows noise coefficient F < 
1.4 dB (Tn < 115 K), at gain G > 46 dB and VSWR < 1.5. These characteristics 
are in good confonnity with the theoretically predicted ones and correspond to the 
specified requirements. 

u 

input 

3 output 

u 

~ 
microstrip 

5. Electronically Controlled Switch 

Fig. 5. Schematic representation 
bf the double-throw double-pole 
switch 

For a consecutive commutation of the signals for comparison switched ferrite circulars 
or PIN diodes are usually used. A DPDT PIN diode switch, shown in Fig. 5, is chosen 
for the purpose of decreasing the consummation and increasing the switching time and 
isolation of the inputs. In one of the poles of the bridge a 50 n matched load, which 
provides a low VSWR at the switched off input and a high inputs isolation, is included. 
With the help of the equivalent circuit of the diodes in a conductive and isolated mode, 
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and the optimizing program TOUCHSTONE the matching and the supply circuits of 
the switch are calculated. The experimental° characteristics are presented in Fig. 6. 

Or---------------. 
~ -10 l-----""'--S-31_' _s_32.,_(_o_n )---""--.....,2 

fig. 6. Performance of the DTDP switch 

6. Controlled Attenuator 
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The radiometer in Fig. l operates as a self-balancing circuit, in which the signal power 
of the noise source is compared with the signal power of the investigated object. For 
the purpose of comparison the use of a controlled attenuator is necessary. The diode 
noise sources have a typical Excess Noise Ratio 

ENR(dB)=lOlog(~;-1) , To= 290 K (4) 

greater than 15 .5 dB, which corresponds to temperature around 10580 K, or to noise 
power -68.4 dBm in a 1 GHz frequency band. This power is around 16 dB higher than 
the minimal power radiated from the human body in the same frequency band. In the 
same way can be defined the minimal attenuation, that an attenuator must possess. 

fig. 7. Schematic representation of 
the electronically tunable attenuator 

fig. 8. Performance of the electroni
cally twiable attenuator 
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In Fig. 7 is shown schematically the designed two-diode PIN diode attenuator, built 
on diodes type HP 3900. The matching circuits are calculated using the optimization 
program SCOMPACT in order an attenuation of 20 dB in the range of 3.5-4.5 GHz to 
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be achieved. The attenuator shows the following characteristics (Fig. 8): minimal loss 
lower than 0.6 dB and maximal attenuation greater than 19 dB with a variation ± 1 dB. 

7. Power Divider and Directional Couplers 

A 3 dB divider Wilkinson type (Fig. 9), which is easily realized on microwave lines 
and provides a 20 % uniformity in signal division, is calculated for directing the power 
to the two comparison channels. Figure 10 shows the measured characteristics of the 
divider. The device displays a division coefficient S21 (S3 l) = 3.1 dB ± 0.1 dB and 
inputs isolation S32 (S23) > 20 dB and VSWR at the input Sll < - 12.5 dB. 

5 10 

iii' 0 2 0 
~ - 5 - 10 ~ ;;; 1 r/J - 10 - 20 

::. r/J 

JJ' - 15 -30 

3.5 GHz 5.0 

Fig. 9. 3-dB divider Fig. 10. Performance of the 3-dB divider 

For the purpose of the temperature error decreasing, the directional couplers must 
provide signal _division in relation greater than 10 dB and high directivity (greater than 
15 dB). The directional couplers on coupled lines operate in a wide frequency range, 
but are difficult for realization at a signal division greater than 4- 5 dB because of the 
critical dimensions of the slot, and they have low directivity. 

The directional coupler, used by us (Fig. 11), is a 90° hybrid bridge, which is easily 
realized on microwave lines and has good directivity. The dimensions of the directional 
coupler are optin1ized for a division coefficient of the power, greater than 10 dB and 
directivity of the signal higher than 15 dB. The measured characteristics are shown in 
Fig. 12. In the frequency band of3.5-4.5 GHz the transmission coefficient S31 (S24) = 

10 dB± 0.5 dB at a VSWR at the input Sll < - 15 dB and directivity S41 < -18 dB. 
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Fig. 11. 10-dB hybrid coupler Fig. 12. Performance of the I 0-dB hybrid coupler . 
The transmission coefficients of the two radiometer channels - from the input of 

the 3 dB power divider to the output of.the PIN diode switch (the microwave amplifier 
input) are measured. An equality of the transmission coefficients on the two channels 
better than 0.2 dB is achieved. 
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8. Conclusion 

The microwave part of a self-balancing radiometer for biomedical investigations in 
the frequency band of 3.5-4.5 GHz is designed and experimentally investigated. The 
radiometer shows a noise coefficient lower than 1.4 dB at gain of the microwave signal 
higher than 56 dB. These devices can find application also in radiometric measurements 
for the purposes of the remote and pattern recognition. 
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