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ABSTRACT 

 

We propose a calibration method of correlation radiometers 

for the case when cross-coupling between channels can be 

ignored. The method requires sources that are stable with 

respect to temperature, impedance match, and Excess Noise 

Ratio (ENR). This treatment establishes a rationale for 

source stability and describes how these desirable 

characteristics may be realized. Next, it describes a method 

by which correlation radiometers may be calibrated and 

compensated for gain and phase imbalance between 

channels while ignoring the presence of cross-coupling 

between them. 

 

Index Terms— calibration, correlation, cross-coupling, 

gain balance, gain compensation, phase balance, radiometer 

 

1. INTRODUCTION 

 

Passive microwave remote sensing using radiometers was 

used in applications such as early detection of fire [1], forest 

surveillance [2], imminent volcanic eruptions [3], 

monitoring distribution and dynamics of ice [4], monitoring 

of agricultural output [5]. In contrast to this, synthetic 

aperture radiometry achieves high spatial resolution using 

interferometric techniques. Although interferometry is a 

mature technique in radio astronomy, its application to 

microwave radiometry is relatively recent [6]. The literature 

available is sparse and confined to narrow enough bands 

[7][8][9]. The trend towards wider bandwidths [10] to 

improve temperature and spatial resolution requires 

correlation among pairs of radiometers that receive the same 

noise from the scene. Correlation radiometers are needed in 

this context, as they provide the complex visibility data 

required for synthetic image reconstruction. 

One of the challenges in synthetic aperture radiometry is 

calibration. Its purpose is to establish the connection 

between the measured complex correlations with the scene 

brightness temperature, accounting for gain, phase, and 

coupling errors [11]. Early works such as Faris [12] laid the 

theoretical groundwork for correlation radiometer sensitivity 

and thermal noise considerations, while Dicke [13]  

introduced key principles of thermal noise mitigation in total 

power radiometers that influenced later radiometric system 

design. In [14], calibration of the two-channel correlation 

radiometer is done by 180 phase switching with 50% duty 

cycle of the local oscillator signal in one of the channels, 

incorporated in the RF (microwave). In [15], a calibration 

procedure is proposed requiring the injection of three 

polarized markers. In [16], centralized Pseudo-Random 

Noise (PRN) signals are used to calibrate correlation 

radiometers. Another calibration method [17] for 

polarization correlation millimeter wave radiometers in 

vacuum chamber consists of one polarization grid, one 

temperature adjusted targets, and one cold target and doesn't 

need any unpolarized target when calibrating a polarization 

correlation radiometer by regulating the physical of 

calibration targets. 

In this paper, we focus on calibration of co-located 

correlation radiometers, for the case when cross-coupling 

between channels can be ignored, a configuration 

increasingly relevant in wideband synthetic aperture 

systems. The case when crosstalk between channels cannot 

be ignored is treated in [18]. 

 

2. PROPOSED CALIBRATION METHOD FOR 

IGNORABLE CROSSTALK 

 

 
Fig. 1. Simplest form of a correlation radiometer. 

 

Figure 1 shows the simplest form of a correlation radiometer 

[19].  It consists of two image-reject receivers, Σ and Δ, that 

are connected to the sum and difference ports of a 180° 

hybrid coupler.  One input of the hybrid is connected to the 



antenna whose voltage, vA, is split equally and in phase at 

each receiver input. The other input of the hybrid is 

connected to a reference (calibration) source whose voltage, 

vref, is split equally but 180° out of relative phase at the 

receiver input ports.  The receivers are driven by a common 

local oscillator (LO) to realize image suppressed conversion 

at intermediate frequency (IF).  The image suppressed IF 

outputs of each receiver are multiplied, and low-pass filtered 

to produce the correlated output, vOut. 

We perform the analysis with voltages, vA and vref. We 

also represent the receivers by amplitude gains, AΣ + ΔAΣ 

and AΔ + ΔAΔ, where ΔAΣ and ΔAΔ are complex amplitude 

gain fluctuations about constant values AΣ and AΔ.  All 

amplitude gains have magnitude and phase and are related 

to power gain by G = AA*, with A* being the conjugate of 

A. With these definitions, the output voltage from the Σ 

channel is: 
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In (1), vnΣ represents the voltage generated by all the 

receiver’s internal noise processes.  Likewise, the output 

voltage from the Δ channel is: 
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In (2), vnΔ represents the voltage generated by all the 

receiver’s internal noise processes. The cross correlation, 

CX, between the channels is given by: 
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In (3), R is the equivalent Johnson resistor of the radiometer. 

Evidently, gain fluctuations ΔAΣ and ΔAΔ are uncorrelated 

with respect to each other as well as to the internal noise vnΣ 

and vnΔ and these are in turn uncorrelated with voltages from 

the antenna and reference source vA and vref, respectively.  

So, all of these uncorrelated products vanish and the only 

term that survives is: 
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Several notable observations derive from (4) about the 

cross-correlation, CX: 

1. All internally generated receiver noise regardless of 

statistical pedigree or spectral character is eliminated in 

the cross correlator. 

2. The correlator performs a squaring operation which 

offers the opportunity for eliminating multiplicative 

phase noise. 

3. Correlation further eliminates the effect of gain 

fluctuations because these are uncorrelated. 

4. The phase difference between channels must be small 

(ideally zero) to obtain good correlation.  Clearly, 90° 

phase difference would cause the correlation to vanish. 

Johnson’s formula relates the square of a noise voltage to 

the temperature of the source, e.g., |vA|² = 4κTA BR, and |vRef|² 

= 4κTRefBR, where κ is Boltzmann’s constant, and B is the 

receiver bandwidth.  With this relationship, we write (4) in 

terms of temperature: 

 

 ( ) ( )* */ 4X o o A refC v v R BA A T T   = = −  (5) 

 

Observe that this expression supposes that both channels 

have the same bandwidth.  Faris [12] addresses the question 

of different bandwidths with the interpretation that B is the 

overlapped portion of each receiver bandwidth. We now 

describe a method to determine the antenna temperature TA 

by toggling Tref between temperatures TH and TC.  Then from 

(5), 

 ( )*
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We use temperature To = 290 K, from which excess noise 

ratio, ENR = (TH ‒ TC)/To, and use this result in the 

subtraction of (6) from (7) to obtain: 
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and 

 ( ) ( )* /H oCA A C C T B ENR  = −   (9) 

 

The denominator on the right-hand side of (9) is real, and so 

the phase difference between channels is: 
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The cross-correlation gain is, 
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Note that the toggled temperature of the reference 

(calibration) source permits calculation of the gains of each 

channel individually, i.e., from the measured difference in 

noise power under hot and cold states 
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from which we obtain: 

 ( ) ( )/H C oG P P BT ENR  −=   (13) 

 

with a similar expression for GΔ. Equation (13) in 

conjunction with (10) and (11) supplies a basis for 



equalizing the gains and compensating for the phase 

difference between channels.  The Σ-channel gain, GΣ, is 

multiplied by the factor, /G G  e–j½Δφ.  The Δ-channel 

gain, GΔ, is multiplied by the factor, /G G  ej½Δφ.  With 

the gain factors so equalized, we define a correlation 

temperature Tcorr = C/(κBG), so that from (6), (7) and (11): 

 

 ,corr C A CT T T= −  (14) 

 ,corr H A HT T T= −  (15) 

 

Setting Y = Tcorr,H / Tcorr,C, (14) and (15) yield: 
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This expresses TA in terms of known temperature, TC, 

known ENR, and measured Y-factor.  It is significant to note 

that the Y-factor based on correlation temperature can be 

positive, negative, or even zero, depending on the 

magnitude of TA relative to TH and TC as evident from (14) 

and (15). This is unlike the Y-factor of a single receiver for 

which Y > 1. The reader should recognize the need for 

proper choice of TC and ENR of the calibration source 

described in the next section. The sensitivity of the 

measurement may be obtained from: 

 

 corr A refT T T−=    (17) 

 

We add the uncertainties as a root sum of squares because of 

the independence of the two sources.  Thus, 
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If Tref = TA, then the sensitivity of this version of a 

correlation radiometer is ΔTcorr = 2 ΔTA, which is 

intermediate between ΔTA for an ideal radiometer and 2ΔTA 

for a Dicke radiometer [13]. 

If the residual gain ratio, GΣ/GΔ ≠ 1, the sensitivity is 

impaired from its ideal [20]: 

  

 

2

2 1 1corr A

G
T T

G





 
  +



= −  


 (19) 

 

Throughout this development, we assumed that the 

characteristics of the reference source, viz., temperature, TC, 

and ENR, are perfectly known and the source is perfectly 

matched to the radiometers over its operating bandwidth, B.  

None of these assumptions are true in practice, so we turn 

our attention to how these factors may be mitigated.  An 

example in the next section serves to illustrate how the 

operation of the radiometer affects requirements posed on 

the source. 

3. INSTRUMENTATION CONSIDERATIONS 

 

This section introduces an analysis of a specific 

measurement situation that lends insight into the 

characteristics of instrumentation that is needed to calibrate 

the radiometer, which are the characteristics of the source: 

temperature control, ENR stability, and mismatch constancy 

are matters of interest to the measurement. In a typical 

scenario, a radiometer points its antenna at a scene of 

interest that is at some temperature Tscene.  In the intervening 

space between the scene and the antenna is a layer through 

which the noise emitted from the scene propagates.  This 

layer is at some average temperature, Tatm, and has some 

propagation loss, Latm. Consequently, the effective 

temperature of emission at the antenna input is: 

 

 ( )/ 1 1/emis scene atm atm atmT T L T L= + −  (20) 

 

The antenna has a collection efficiency, η, and is at a 

physical temperature, TA, and the noise temperature 

immediately after it is, 

 

 ( )1ant emis AT T T=  + −  (21) 

 

The noise then propagates through calibration components 

that have temperature, TC, and have loss, Lcal.  Thus, the 

noise at the receiver input has temperature: 

 

 ( )/ 1 1/in ant cal C calT T L T L= + −  (22) 

 

Temperature Tin adds to the excess noise temperature, TRx, to 

give the system temperature of the radiometer, i.e., 

 

 sys in RxT T T= +  (23) 

 

Clearly, Tscene is diluted by a factor η/(Latm Lcal) even as it 

competes with contributions Tatm, TA, and TC.  The 

radiometer must be sensitive to changes in Tscene amid larger 

fluctuations from these other sources.  It must further 

endeavor to keep the insertion loss of the calibration circuit 

low and its temperature as constant as possible relative to 

the expected range of Tscene. 

 

TABLE I. Temperature excursions of scene, atmosphere, 

antenna, and system temperature  

Condition Tscene (K) Tatm (K) TA (K) Tsys (K) 

Sunlight 300 250 400 1034.25 

Shadow 270 240 200 985.60 

 

TABLE II. Change in system temperature for 1K excursions 

of Tscene, Tatm, TA, and TC in Table I 

Condition ∂Tscene ∂Tatm ∂TA ∂TC 

Sunlight 0.26 0.585 0.175 1.5 

Shadow 0.26 0.585 0.175 1.5 



A quantitative understanding of these factors may be 

gained from the output (Tables I & II) of a simulation that 

examines a specific example of a radiometer operating 

under the following conditions: Latm = 1.25 (1 dB), η = 0.65, 

Lcal = 2 (3 dB), TC = 300 K, receiver noise figure, FRx = 2 (3 

dB) and other temperature excursions in sunlight and 

shadow.  These simulations are based on (20) through (23). 

A particularly large excursion of temperature occurs 

with an antenna on a spacecraft platform that orbits around 

Earth.  Such antenna experiences temperatures as high as 

400 K when exposed to sunlight and 200 K when the 

spacecraft is in Earth’s shadow. Table II lists deviations in 

system temperature for 1 K change off nominal for each of 

Tscene, Tatm, TA, and TC, with the other temperatures set at 

nominal. Table II reveals at once that 1 K change in scene 

temperature appears as 0.26 K at the input of the receiver.  

To measure such small changes in scene temperature, the 

radiometer must be capable of measuring change that is at 

least a factor of 5 smaller or ΔT = 0.052 K and that ΔT/Tsys = 

0.052/1034.25 = 5.03 × 10–5 for the sunlit case and 5.27 × 

10–5 for the shadowed case.  ΔT is called the sensitivity of 

the radiometer and plays a central role in determining its 

design and operation. 

Another revelation from examinations of these tables is 

that TC generates the largest change of 1.5 K in Tsys for 1 K 

change in temperature of the calibration components.  To 

preserve system sensitivity, TC must be maintained constant 

to within 0.03 K, or 1 part in 10⁴, for this example. 

Impedance match is another significant source 

characteristic that affects the outcome of radiometer 

measurement accuracy.  There are two aspects to this 

characteristic: impedance match between hot and cold 

states, and over the bandwidth of the radiometer.  Equations 

(14), (15) indicate that the Y-factor is unaffected if the 

mismatch over bandwidth is identical for the hot and cold 

states.  Such a condition may be nearly realized by a noise 

source described below. 

Figure 2 shows a filter and amplifier that have the same 

nominal bandwidth, B. Independent resistive loads are 

connected to the inputs of both components.  The amplifier 

has gain, G, and noise factor, F.  A pair of ganged single-

pole-double-throw (SPDT) switches connect either amplifier 

or filter to an output attenuator, that has loss, LAtt.  The 

unconnected component is terminated in a matched load as 

shown. All the components are housed in a temperature 

enclosure that is maintained at TC within the tolerance 

required for operation as described above. The tight 

tolerance on temperature ensures the stability of the noise 

power of the input loads, G, and F of the amplifier, B of 

both amplifier and filter, loss, LAtt, and match of the 

attenuator, and insertion loss and isolation of the switches. 

This ensures that the excess noise ratio, ENR, is stable: 
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Fig. 2. Conceptual schematic of a noise source that provides 

nearly identical mismatch in both TH and TC states. 

 

A resistive output attenuator provides for both states over 

the bandwidth B, a constant loss, and, if the loss is high 

enough (about 20 dB), it provides a nearly constant 

mismatch that is dominated by the mismatch of the 

attenuator alone.  This is because any mismatch at the 

amplifier or filter output is attenuated (40 dB in this case) at 

the attenuator’s output.  The Bode-Fano criterion [21] 

imposes a lower bound on the achievable match of the 

attenuator alone.  The best match is achieved by right-sizing 

the bandwidth to a value that is slightly larger than that of 

the radiometer. Excessively larger bandwidths lead to poorer 

achievable attenuator match, and thereby poorer estimates of 

the gains of the receivers. In some cases, it is expedient to 

replace the attenuator by a directional coupler with an 

equivalent coupling value.  This approach carries the 

complications of including the coupler and the antenna feed 

within the temperature enclosure. 

 

4. CONCLUSIONS 

 

This paper proposes a calibration method of co-located 

correlation radiometers for the case when cross-coupling 

between channels can be ignored. We assumed that both 

channels have the same bandwidth, B, and we described a 

method to determine the antenna temperature TA by toggling 

the reference temperature Tref between hot and cold 

temperatures. We observe that the toggled temperature of 

the reference (calibration) source permits calculation of the 

gains of each channel individually, that is from the 

measured difference in noise power under hot and cold 

states. This supplied a basis for equalizing the gains and 

compensating for the phase difference between channels.  

We express the antenna temperature TA in terms of known 

temperature, TC, known ENR, and measured Y-factor based 

on correlation temperature. If the antenna temperature is the 

same as the reference temperature, the obtained sensitivity 

of this version of a correlation radiometer is intermediate 

between the sensitivity of an ideal radiometer and the one 

for a Dicke radiometer. An analysis is made to illustrate 

how the operation of the radiometer affects the requirements 

posed on the source. 
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