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This thesis discusses the work done towards the design, development and field testing
of the first ever 2-path V-band 2SQCC digital correlating spectrometer based on the
Multipath Cross Correlation Radiometry (MXCR) concept. The theoretical
background and mathematical analysis of an ideal and practical 2SQCC transmission
network architecture is presented. The implementation challenges encountered in
Iinstrument development and design recommendations towards the development of
future instruments based on the MXCR concept are discussed. A technique to
measure and compensate for the effects of cross-talk in the cross-correlation estimate
between two receiver paths in the MXCR scheme is developed and implemented. The
clear sky brightness temperature spectra from 51-54 GHz measured using the 2SQCC
spectrometer is compared with the microwave radiative transfer model prediction.
The observed spectrum is found to be matching the prediction within a few kelvins of
offset attributable to the usage of an average atmospheric model. The work done
towards the integration of the 2SQCC spectrometer to a spectrum broker
orchestrating co-operative spectrum sharing between active and passive services is

discussed.
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CHAPTER 1

INTRODUCTION

1.1 Scientific Background & Motivation

The Paris climate agreements [1] were established with the goal of limiting

[14

the globally-averaged greenhouse warming of the atmosphere to “...well below 2
degrees Celsius above pre-industrial levels and to pursue efforts to limit the
temperature increase even further to 1.5°C.” Using the turn of the 21st century as
the time horizon for these increases to have become manifested provides a benchmark
for the relevant trends that need to be detected to unambiguously corroborate bulk
atmospheric temperature changes with those established by the prevailing means of
surface temperature measurements. These turn-of-century trends are thus 1.5°C/80
years (or 0.19°C/decade) in an ideal scenario and up to ~3.5°C/80 years or more (i.e.,
greater than 0.43°C/decade) in the more serious of warming scenarios. To be able to
quantify the anticipated future trends on a timely (~decadal) basis the globally-
averaged mid-tropospheric temperature thus needs to be observed with a satellite
temperature sounding instrument of drift of less than 0.061°C/decade, both diurnally
and globally. This precision is required to be able to detect the lowest of the above
anticipated trends with 99% (i.e., 6-sigma) confidence. Given nominal spacecraft
lifetimes of ~7 years, there is thus a requirement for ~0.061/Y2=0.043K RMS
combined sounder stability and repeatability between successive instruments for the

lowest of these warming trends to be observed at the 6-sigma level of confidence.

Satellite temperature measurements are essential for monitoring global
atmospheric temperature changes, distinguishing human-induced climate signals

from natural variability [2], and assessing numerical General Circulation Models



(GCMs). Instruments like the Microwave Sounding Unit (MSU), Advanced
Microwave Sounding Unit (AMSU), and Advanced Technology Microwave Sounder
(ATMS) have been used since 1978 to create temperature trend records for the lower
troposphere and lower stratosphere, albeit indirectly. These instruments originally
designed for weather forecasting purposes do not have the high stability, precision,
and traceability needed for climate studies, leading to temperature records with
variabilities that complicate the accurate assessment of climatological temperatures
[3]. These variabilities are caused by calibration and local oscillator (LO) drifts,
Iinstrument non-linearity, changes in local measurement times (diurnal cycle shifts),
and uncertainties related to the channel spectral characteristics. Additionally, these
Instruments were created in an era with minimal anthropogenic radio frequency
interference (RFI), which is expected to become more prevalent in future climate

missions.

The past 50-years temperature trends have been measured primarily
through surface-based measurements [4] and are of the order of 0.16°C/decade.
Relying solely on surface measurements for model validation poses the risk of
systematic biases in the temperature trends due to heat-island effects caused by
urbanization [5,6] and differences between boundary layer and bulk atmospheric

temperature [7].

Radiometer gain and offset instability is known to introduce scan “striping
error’ during a long scan exceeding ~0.3 K in some ATMS channels [8]. The Cosmic
Background Explorer (COBE) and Wilkinson Microwave Anisotropy Probe (WMAP)
[9] missions using a differential pseudo-correlation architecture were able to achieve
very high stability, but these missions observed continuum background radiation
with little spectral variation, while all conventional temperature sounders (including
ATMS) observe within discrete channels within the lower wing of the 5-mm O2 band
of up to ~400 MHz bandwidth. This relatively large bandwidth results in up to several

kelvin of sub-channel spectral variation that is an additional source of inter-sensor
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calibration error. Such large intra-channel variation warrants that a sounder used
for either climate reference or intercalibration purposes be able to spectrally resolve

all relevant tropospheric and stratospheric emission features.

Another source of uncertainty in temperature records arises from the change
in spectral passband response between the generations of satellite sensors [10]. The
channels used for tropospheric measurements (MSU channel 2 and AMSU channel
5) differ significantly, as do the channels used for lower stratospheric measurements
(MSU channel 4 and AMSU channel 9). The last MSU instrument on NOAA-14
satellite and the early AMSU instruments operated at different local times,
intercalibrating these instruments is challenging without more precise knowledge of
the diurnal cycle at each frequency. Stable and traceable measurements with high
spectral resolution, would (1) enhance adjustments for diurnal non-climatic artifacts
in existing satellite records and (2) establish a standardized method for measuring

future temperature records.

With the advances in cubesat technologies and cheaper access to space,
several commercial satellite sounding missions are also on in operation now
compared to a couple of decades ago. At any given time, several satellites with
temperature-sounding instruments are in orbit, but each has a finite lifetime. The
multiplicity of sounders will increase significantly with the anticipated deployment
of commercial sounding constellations [11-13]. Therefore, intercalibration of these
instruments is increasingly necessary to produce reliable Climate Data Records
(CDRs) of temperature and stabilize numerical weather prediction model forecasts
using these data. Goldberg et al. [14] [15] point out a need for on-orbit reference
instruments with high stability and traceability, without which instrumental drift or

deterioration might obscure trends occurring over several decades.



Accordingly, there is a compelling need to observe across the entire ~8,000
MHz of the 5-mm O2 band from 50-58 GHz with ~1 MHz spectral resolution. Use of
this wide band is further warranted to achieve high radiometric sensitivity, for
surface temperature correction, and to measure temperature variations over the

entire tropospheric and stratospheric column (Figure 1.1).
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Figure 1.1 Clear-air temperature weighting function spectra (in km-) for the lower
wing of the 5mm oxygen temperature sounding band from 50-58 GHz. Calculations
used the Microwave Radiative Transfer (MRT) model [16], a dry US standard

atmosphere [17] profile and the MPM87 attenuation model [18].

We are entering an era of increased anthropogenic emission resulting from the
imminent deployment of fifth generation (5G) communications electronics [19-20] and
related consumer and defense applications at V-band which will be significantly
different from the times the heritage instruments like MSU, AMSU, and ATMS were

conceived and operated. The second harmonic emissions (if any) from the n257 band



(26.5-29.5 GHz), and n258 (24.25 — 27.5 GHz) band fall on the bandwidths of the
current operational weather sounders which are not equipped with RFI detection
capability [21]. Given the historical trend of spectral occupancy doubling every ~6
years, RFI detection and mitigation is critical to future imaging and sounding

radiometer architectures.
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Figure 1.2. ATMS Sounding Channels (50-58 GHz) and second harmonic emission
regions of 5G n257 and n258 bands.

This thesis details the work done towards the development of a stable high
spectral resolution 2SQCC spectrometer based on a novel radiometer architecture,
Multi Path Cross-correlating Radiometry (MXCR), to improve upon the challenges
discussed above in the development of a climate reference instrument for atmospheric
temperature sounding. The need and application of this instrument architecture in
detecting, quantifying, and reporting RFI in a co-operative spectrum sharing
paradigm 1s presented. The subsequent chapters discuss the concept, design,
prototype development, laboratory and field testing of the 2SQCC spectrometer

instrument.



CHAPTER 2

25QCC TRANSMISSION NETWORK ANALYSIS

2.1 Multi Path Cross Correlation Radiometry (MXCR)

Traditional calibration of single-path and differential correlation radiometers
relies on a series of measurements using precisely known internal or external
temperature references. This process requires highly repeatable switching
mechanisms and leads to a reduction in radiometric integration efficiency. The need
for such calibration stems from the fact that the number of unknowns in the
radiometer’s response equation exceeds the number of measurements available at the

detector.

A novel technique called Multipath Cross-Correlation Radiometry
(MXCR) [22,23] addresses this limitation by utilizing cross-correlations of complex
signals that are amplified and detected across multiple receiver paths. As the number
of receiver paths (Np) exceeds three, the system becomes increasingly
overdetermined, enabling a unique form of self-calibration that effectively neutralizes
variations in path gain and phase. Alternatively, MXCR can use the system’s many

observational degrees of freedom to estimate these gain and phase values directly.

The method is particularly well-suited for cross-correlating digital
spectrometers and provides exceptional robustness against gain saturation—whether
caused by out-of-band radio frequency interference or low-frequency (1/f) internal
gain fluctuation noise. This makes MXCR a powerful approach for stabilizing
radiometers, radars, and communication receivers affected by gain modulation.
Moreover, it enables high-precision radio frequency spectrometry that can be
accurately calibrated against traceable physical temperature standards, even at

frequencies reaching up to a terahertz or beyond.



In an MXCR receiver architecture, one unknown signal is mixed with multiple
known signals in a passive combiner network to generate multiple output signals
which are then independently amplified, digitally detected, and cross correlated. The
passive combiner circuit in an MXCR architecture is called a “transmission network”.
Depending on the number of independent output signal paths and the type of passive
elements in the combiner network, different types of transmission networks can be

realized.

2.2 Ideal 2SQCC Transmission Network

The minimum number of receiver paths needed in an MXCR scheme is two and
there are different transmission network architectures that can be realized to
validate this concept. The transmission network architecture realized here uses a
combination of two couplers, one quadrature hybrid, and one sum-difference hybrid
(Magic-T) and will be referred to as the “2SQCC” network from here on in this
document. The 2SQCC transmission network architecture was chosen to leverage and
repurpose WR19 hardware from previous projects. The nomenclature “2SQCC” is
derived from the number of receiver paths and the type of passive devices used in the

transmission network as follows.

2 — Number of paths

S — Sum-Difference Hybrid (Magic-T)
Q — Quadrature Hybrid

C — Cross guide coupler in path-01

C- Cross guide coupler in path-02
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Figure 2.1 2SQCC Transmission Network Block Diagram

The 2SQCC front-end RF transmission network block diagram is given in Figure 2.1.
There are four input ports labeled I1, 12, I3, and I4 and two output ports labeled O1,
and O2. The path length difference between the two outputs of the Magic-T 1s modeled
as e /91 The path length difference between the two outputs of the quadrature hybrid
is modeled as e /%¢. The handedness of the two cross-guide couplers needs to be
opposite to each other to ensure a mechanical fit and is accounted for by the e™/ term
in the block diagram. The two cross guide couplers are three port devices with
internal terminations which are at temperatures denoted by T, and T,,. The 25QCC

transmission network is thus a 6-port device.

The signal combining operation done by the 2SQCC transmission network can be
represented mathematically using a 2 x 4 matrix T. The four input signals are
combined in the transmission network generating two output signals. We will first
consider the ideal transmission network where the two hybrids and the two cross
guide couplers are assumed to be lossless. In this scenario, the transmission network

T can be written as follows in equation (2.1)



0 0 e 0
I _jic i 0 0 8
- J 1 70 0 0
T= ;l---|-P|----‘-‘”L S—— 2.1)
| e 0 Ll-ICwf Gl || 0 1 0 0
_________ 00 o ol

The transmission coefficients of the two cross guide couplers, sum-difference hybrid,
and the quadrature hybrid are highlighted in the two blue boxes, red box, and green
box respectively. The transmission network combines the brightness temperatures at
the four input ports represented by the phasors Vy, Vi, Vnr1, and Vyg, to generate two
output signals. The signal combining operation of the transmission network is

represented as follows in equation (2.2)

| Ve U= 1Co = e eICpu Vam, = je (o Vi, + €1 = [Cou P VRe | (9.0

Vs . VL= 1Co:[* Voo +Cpa [VaR, +/1Ci: ViR, = Vay/ 1 = [Cis|*

The two signals generated by the transmission network combining operation are
further amplified, coherently downconverted, band limited and sampled. The overall
complex gains of the two amplifier chains are represented by G,,; and G,,, and the
overall receiver noise power represented by the phasors Vig-; and Vggeo. C; and G,
represent the complex FFT coefficients of the two individual path signal voltages. The

block diagram of the 2SQCC spectrometer architecture is given in Figure 2.2.
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Figure 2.2 25QCC Spectrometer Block Diagram
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G, (,/1 —|Cps | Vo + |Cos [Pk, +11Cs [Vovmy — Vit 1 = [Cors|* + 42 Vm-z)

The coherency matrix J; is a 2 x 2 matrix estimated for each FFT bin by multiplying

the 2 x 1 FFT output vector with its Hermitian transpose.

-1 ¢ [ o ]- O G5 (- @ (2.4)
(,2 Cz(f (,2(5 C21 C2
The individual elements of the coherency matrix are evaluated below. The diagonal

terms c;; and c,, represent the total power in the two receiver paths.

én = 3G Gy (ﬁ Viec, — je7°0|Cp, Vg, — €7°9|Cp, [Var, + Vae@ |1 — |Cp, P+ e |1 - |Cp, B VRD)
(‘EVﬁEQ + e Vo 1~ Cps[* +/V iR, €°2|Cp, | — Vir,€2|Cp, | + eV 1~ |Cp, & )
cn =

%G;H:G‘W: (ﬁ VJT*?EC: + 'VRT?1|CP: \ 7JIVR"R:|CP:| i V;\f L \:CP: ‘2 + V;?o'g' L~ iCP: |2 ) (25)
(\i 1- .Esz ‘2 Vio + ‘CP:|V—\’31 +j.§Cp:|V\i’3: - VA\} L~ ECPl[: w \E VREC':)
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The off-diagonal terms c,; and c;, are complex conjugates of each other and either

one of the two off-diagonal terms can be used for retrieval using 2SQCC concept.

e =+ Gf(lGh— (ﬁ Viee, + ef@-"V}‘goJl —|Cp, |2 +jV_*\RleJ’99|Cpl = mezej@‘é' Cp, |+ e’g-"l’j“ﬁ 1 —|Cp, |: )
(‘ 1= ‘Cypg‘z VRO T+ |Cp3iV\'R] +]|C'1D:|V\'R_ T V‘I\ ] |(j_1:3|1 + ﬁVREC:)

g = %G;ﬁ:o_(f; S PRy |Gl — W i [~ i1 = [CasP .
(\/_VREC fje-’ O|C |V’\R1 ,ejﬁ‘o|(_‘Pl|V\R + V4€ 1“ 7|C +61911H,|(’P | VRD)

(2.6)

In evaluating the expressions for c;4, ¢y, €21 and c,,, the following simplifications
are used.
1. Multiplying a complex number with its complex conjugate is equivalent to

squaring its magnitude and is a purely real number

Gwrl VI |Gur1‘ G;’fﬂ'w Vi |GUT7| (2 7)
Veee, Vige, = \Vree, | Veec, Viee, = \Vree, | .
VaVy = |Val? VaoViy = V|’

Var,Vig, = Var,|® Var, Vige = [Vam,|*

2. Since the four input signals and the two receive noise voltages are all mutually
uncorrelated, the expected value of the product pairs of any of these phasors

will be zero.

(VeeerVig) =0 (VreaVig) =0 (VeealVy) =0 (VrearVre) =0 (Vree1Vipea) = 0

<V:’:(EEC1 VR’RI> =0 <V;U:“C[ VX’R2> =0 <VJ*QEC1 V:> =0 <V;(?EC1 §o> =0 <I/;(EEC'I V;%E(‘2> =0
VroViga) = 0 (VroViga) = 0 (VroV3) = 0 (VroVaec1) =0 (VroVpe2) = 0
(VeoVivm1) = 0 (VioVima) = 0 (VeoVi) =0 (VeoVec1)) =0 (VaoViec2) = 0

e Viga) =0 (Vaw V3) = 0 FawVio) =0 (PawVazer) =0 (PawVage) =0 @9
<Vf§fR] V§7m> =0 <VNR1V§> =0 < NR; a> 0 <V§f}e1V§Ec-1> =0 < NRLVRE('2> =0

Ve Vig) =0 (Vwr, Vi) =0 (Var, Vo) = 0 Ve Vige1) =0 (Vary,Vigea) = 0

Vi, Vir) =0 (Vaw, Vi) = 0 (Vim,Vio) = 0 VirViee) =0 (Vig,Viecz) = 0
VaVim1) =0 (VaViga) =0 (VaVgo) =0 (VaViee1) =0 (VaVieea) = 0

<Vf1 /AKIR1> =0 <Vj th> =0 <Vj V§u> =0 <V§ ,?aEC1> = <V§ /§£c2> =0
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With the above results, the expressions for the four elements of coherency matrix J,

can be simplified as follows where (8,-68,) = A8 is the combined path-length error in

the transmission network.

e = $|Gun, P12Vrec, [* + (1= [Coy )V, |2 + (1= [Cpy [NVt +1Cpy P Vm, |2 + |Cpy [PV ]

LGy, PI2IPrEC, P + (1 = 1Cpa ) Ve [P + (1 = [Cp |Vt * + |Cps 1V m, [P + |Cps [P Vivm, ]

©
[
(%)

I

2.9

e = LGy, Gony @[ 1= [Cp, P 1= |Cp, P (Wil = Vo |*) = j€¥*|Ci, | Cop, [ (Vv 2 = Vs 2]

¢tz = =1 G, G, P J1 = Cpy [ 1= [Cpa P (Va2 = Vo *) +7&|Cp [|Cops (2, | = |V ims )]

Rayleigh-Jeans approximation for thermal noise power at microwave frequencies

relates noise power generated by a blackbody source to its brightness temperature as

follows
Fal>, - 4748 Wol> - kTx.B
<| 7z, | > <[Pz, | > 2.10
7| ;1| = kTA\"RIB | R_| = kT.\"R:B ( )
<|Vree, | > <|Vrec, | 7>
i RIS e |> _ fTppe,B

Using this approximation, the coherency matrix elements can be written as follows.

LGy P[2Trecy + (1 = [Cpi ) Tro + (1 = [Cpy ) T + |Copt | Tivry + |Copr | Tz ]

o
e
=

I

‘Thry]  (2.11)

()
“d
wd
I
|

1 |G\'F{'1_:[2TREC3 + (l i |(‘p3|:.)TRo + (]- =i |Cp3 :)TA + C j.:T_NRE i |C33

c231 = —%G:MGWEGIE"[‘/I = C_D:- " \/1 B |Cp3|2 (—TA O TRG) _je_jA8|Cp1 |C}?:|(f\’R} i T.\-R:J]

c12 = =1 Gun, Gl e[ [1 = |Gy, P 1 = [Cpu | (T = Tro) +j&™|C,

Cp

(Twr, — Tr,)]
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2.3 2SQCC Observation Equation and Inversion

The single complex cross correlation expression c,; is the observation equation in the

2SQCC architecture.

et = 4G, Gors® [J1— [Cou P 1~ [Cpa P (Tt — Tro) — je7|Cp |Gy [(Tim, — Tom)]

Assuming |Cp1| = |Cp2| = |C| without loss of generality, the expression for c,;

simplifies to

a1 = —% G, Gur, @ [(1 = |CP) (Tt — Tro) — je7°|C1*(Tag, — Tag,)]

(2.12)
IC]?

= _%G‘I*'-TlG‘t';Tj 9]-8’7(1 5 Cz)[(rﬂi — Tgo) _'}.e_jﬁg (P

(Tar, — Tvr,)]

Expanding equation 2.12 further using with the relation —je™/* = —jcos(x) — sin (x)

we get

IC)?
(1)

(Tnr, — Tar,)]

€2 = —% Gin, Gy € (1 — |C))[(T4 — Tro) — sin(A6) (Twry — ITnr,) (2.13)

Ic?
(1-lc1?)

—jcos(AB)
It can be observed from equation 2.13 that if the path phase error A6 is driven to zero,
the difference in brightness temperatures input to the quadrature hybrid ((Tyg; —
Tyr2) and sum- difference hybrid (T4 — Tz,) move orthogonal to each other in the
complex correlation space. The two orthogonal axes of brightness temperature
differences will be rotated in correlation space by the overall offset angle decided by
the phase difference in the individual path amplifier chain gains. The worst-case
scenario occurs when the path phase error A6 is 90° which will cause the brightness
temperature differences input to the magic-T and quadrature hybrid to mix linearly

and be indistinguishable from each other.
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The sufficient statistic of interest in the 2SQCC inversion process to retrieve the
antenna temperature T, is the angle of the complex cross correlation estimate c,;.

The two complex gain terms can be written as follows
G1‘Ii'1 = |GWT1 |67j¢1 G:iT] |GWT1 |€+j¢>1 (214)

Gma |Gwr |(3 A G:ﬁ: = |GWT3 |e+j¢3

(@1 — ¢2) = Ao

The angle of cross correlation estimate c,; expressed in 2.13 can then be written as

follows.

cos (_\9)

(T\Rl—fw) (2.15)

LC:[ = (A¢)31 + 9[+ JT) — tan‘l[

(T_rTRO)—[SHJ(AQ) e j] (Twr;—Twr,)]
=" =

The antenna temperature estimate T, can be obtained from 2.15 by following the

steps below.

cos(AQ) & ‘2 (T\Rl T\R7)

tan(/_co1 — (Ag2 + 07+ 7)) (2.16)
(T4~ -{5in (40) (T, T, )]

(T T~ 5000 T, ~ o) = i T a1

(T = Try) = [5in (A) = (T, = Tos)] = mfi” Lsgr))) 219

Ty = Tg, + [sin (AH — Twe,)] - — (155\3) (Tom,~Tam, ) (2.19)

tan(/_ca1—(Ad2+07+7))

Equation 2.19 provides a simple estimator expression for retrieving antenna

temperature.

14



2.4 Advantages and Comparative Assessment

In this section, we take a closer look at the estimator expression (2.19) for antenna

temperature developed earlier.

P2 T
(1_‘(“‘2) (T‘NRI 7TA“R2 )

tan(Z_ca1—(Ag21+07+7))

cos (Af)

Ty = Tg, + [sin (AB)%(TMI — Trm, Y] —

Tro, can be set to a fixed reference temperature which can be made stable and
measured precisely. The path phase error term A6 is a hardware parameter that can
be measured and adjusted to be close to zero. The phase offset (4¢,; + 6, + ) is
another fixed constant that can be measured using precise VNA measurements. The
power output from a noise diode depends only on the diode current. Precise control
and knowledge of the noise diode current enables the brightness temperatures Tyg,
and Tyg to be treated as known system constants. The coupling parameter C is
another hardware constant that can be precisely measured. T, is the only unknown
parameter in the expression. Therefore, calibration views are not needed in the 2-
path 2SQCC MXCR architecture thereby making it a self-calibrating or continuous
calibrating instrument. Also, there are no terms in the estimator expression involving
the gain of the IF or RF amplifiers thereby making the retrieval robust to amplifier

gain fluctuations.

Substituting € = 0 in equation 2.13 is equivalent to the 2SQCC architecture being
used in the conventional two-path correlating architecture used in COBE, WMAP

missions. The two path correlating architecture observation equation is thus

3 = —% Glr G, @ (Ty — Tro) (2.20)

1

In this 2S architecture, we have one observation equation (given by 2.20) and two
unknown parameters - GGy, and T,. We therefore need at least one calibration

view to ensure we have two equations and two unknowns. The gain product of the
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two amplifiers is a part of the observation equation requiring additional design

considerations to be implemented to minimize gain fluctuations.

The diagonal terms of the coherency matrix, c¢;; and c,,, are equivalent to the output
of a single path total power radiometer which can be termed as a 1S architecture.
Substituting € = 0 in the expression for c;; in the equation 2.11, the observation

equation for the 1S radiometer becomes

C{? = %‘va ‘2[2TREC1 oL TRO + T4:| (2.21)

In the 1S architecture, we have unknowns - Tgrgcy,Ta, and |Gyri|?> and only one
observation equation given by 2.21. Therefore, for a 1S architecture we need two

additional calibration views to determine the gain and offset.

The 2SQCC architecture clearly provides two distinct advantages over the

conventional single path total power and two-path correlating architecture.
1) Calibration views are not needed, thereby improving scene time.

2) Retrieval errors due to amplifier gain fluctuations are eliminated.
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CHAPTER 3

TRANSMISSION NETWORK NON-IDEALITIES

3.1 Modified 2SQCC Observation Equation

The transmission coefficients of the sum-difference hybrid and the quadrature hybrid
were assumed ideal and lossless in the analysis presented in Chapter 2 with a
theoretical 3dB power split across all frequencies. To account for the losses and
frequency dependencies of the forward transmission parameters, the transmission

network can be rewritten as follows.

0 0 et 0 :ﬂrﬁ]‘ ‘;‘1[13‘ 0
o FICo| Y1 =1Cp | 0 0 e 0 0 0 —May| Mz 0 3.1)
0 0 J1=1Cp.* =iICps 0 1 0 0 0 0 |ou|l 101
0 0 0 e 0 0 —0u| |0z

The magnitude of the magic-T forward transmission parameters is written as | M;; |
and that of the quadrature hybrid is written as | Q;;|. Setting |Ml- j| = |Ql- j| = % gives

back the ideal transmission network equation of expressed in equation (2.1). The
complex FFT coefficients of the two receiver path voltages for the non-ideal

transmission network can then be written as follows.

(3.2)

|: C j| Gl‘”l(ﬁg"vl = [Cp, [* (IM12|VRo + ValMn1]) = je7%2|Cy, [(|O11 Vg, —/1Q12|Vam,) + VREC:)

Gurs (1= 1Cou F (M2 Vo = VM) +71Cr Q21w — 710 Viim,) + Ve )

Computing the coherency matrix elements for the non-ideal transmission network
case following the similar procedure as before yields the following expressions given
below in (3.3). The brightness temperatures at the four input ports are scaled based

on the losses in the corresponding transmission path.
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2 2117 2 > 2
Cp, 71012 [Vams ™ + [VREC, 7]

2 2117 2 i 2
Cp, 71022 [Var, |™ + [Vrec, 7]

(3.3

11 = |Gum, PIM1 (1 = [Cp, D)Vl + M122(1 = |Cp, VR, 1> + 1Cp, I1Q11 PV, * + |

¢ = |Gy P IM21 [P(1 = [Cps )V al? + M2z F(1 = |Cpy D) Vro * + 1Cps 1021 PV ik, P+

c21 = =G, Guny @ [(M11] {1~ Cp, F Mar 1 = |Co, [P IVl = Mi2| 1 = 1Cp, [* [Ma2] 1= Cp. P VR, 1P
— je7(|Cp, 1011 |Co. 1021 |V, [* = |Cy Q12| Cp: | Q22| P g 5]

c12 = =G, Guna P [(IM11] {1 = |Cp, | M1 1 = Cp P [Val? = IMiz| J1 = 1Cp, * IM2] {1 = |Cs | V)

+ 7€ (1Cp, 1011 [Cp, 1021 Vi, I* = [Cp, 10121 Cp, || @221 Vg, )]

Following the port numbering scheme adopted in Figure.2.1, ports 5 and 6 correspond

to transmission network’s path-1 and path-2 output ports. Ports 1 and 2 correspond

to the difference and sum ports of the magic-T which are input

ports I1 and I2. Ports

3 and 4 correspond to the two input ports of the quadrature hybrid, I3 and 14. The

scaling factors applied to the four input brightness temperatures can be related to

the corresponding s-matrix entries as follows.

ssil = |Mui| 1= |Cp, |*

ls52] = [Mh2] J1 - [P Is62| = [Ma| /1 =|Cp,|*
ls53] = |Cp, [|Q11] 563 = [Cp, |O21]
§54] = |Cp, ||012] 64| = [Cp, |O2]

Substituting the above scaling factors back to the expression

Is61| = M2y 1 —|Co, |2

3.4

for coherency matrix

elements for a non-ideal transmission network and applying Rayleigh-Jeans

approximations of equation 2.10, we get

(3.5)

Tngr, — |554ll564| T Nr, )]

11 = |Gury |P[1551 12 Ta + |552|* To + 55312 Tnmy + 554> Tovr, + Trec |
. 2 g B > B

¢ = |Gy, |"[I5611°Ta + |S62|" Tro + |S63|" TR, + |S6a|” Tnr, + TrEC,]

ca1 = =Gir, G, @[ (551|561 T4 = 552|562/ TRo) —je 728 (|s53 |5 63

c12 = —Gur, G, €[ (Iss1]ls61|T4 — |ss52|ls62|TRo) + ™8 (|s53]Is63
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Let us define the following variables to simplify the expression for c,; to for easier

arithmetic manipulation.

|ss1llse1| = a |$52|Is62| = D (3.6)
=c |554]|64| = d

553|563

The observation equation in the case of a non-ideal 25QCC transmission network

then becomes
ca1 = =Gy, G, @ [(@T 4 — bTRo) — je7*8(cTrr, — dTng,)] 3.7
Expanding the equation 3.7 further,
c21 = ~Giy, Gonye (@l — bT,) — sin(A8) (cTg, — dTg,) ©9
—jcos(AQ)(cTng, — dTng,)]

Following the similar procedure in Chapter 2,

The angle of cross correlation estimate c¢,; can be written as

cos (A9) (cTwz,~dTz, ) ] 3.9

g = _ =il
Lon = (Apa + 81+ 1) — @0 | o o, )

The antenna temperature estimate T, can be written as

cos (A8) (cTwz,~dTz, )

} (3.10)
tan( /co1—(Ad21+0+))

T4 = L[bTgr, + sin(A8)(cTnr, — dTnr,)] —
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3.2 Handling Coherence Offset

The observation equations developed for the ideal and non-ideal 2SQCC transmission

networks (equations 2.12 and 3.7 respectively) are reproduced below.

e21 = LG, Gory (1 — |CPY[(T4 — Tio) —je 7 —LL_(Tag, — Tm,)]

(1-C»)

Ca1 = —GEIG\-QGIQI[(OL — bTro) —je ™ (cTnr, — dTnr,)]

For the case of equal brightness temperatures present at all four input ports, there is
a non-zero residual c,; due to the losses in the transmission network. The four scaling
coefficients, a, b,c, and d can be estimated using precise VNA measurements and
treated as frequency dependent quantities in the retrieval process. These losses from
the passive hybrids and couplers are only a function of temperature and hence the

offsets can be considered as constant for a specific frequency.

Substituting T4 = Tr, = Tyr1 = Tvre = Tamp 10 equation 3.7, gives us the expression

for the coherence offset which is defined as Ac,;. (3.11)
Acai = =Gy Gyr, €[ (a — b) T — je 7 (¢ — d) Tanis |

This Ac,; offset is to be removed from all c¢,; estimates measured for nonzero

temperature differences before using in the retrieval process.
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CHAPTER 4

ESTIMATION PROCEDURE FOR SYSTEM CONSTANTS

One of the advantages of the 25QCC architecture is that frequent calibration views
are not necessary and the fixed system constants can be estimated a priori and used
in the retrieval process. In this chapter we will discuss the estimation procedure for
the three fixed constants in the estimator equation - 1) Offset angle (4¢,, + 6,) , 2)
Path phase error A8 , and 3) Noise diode temperature Tyg. The estimation process
involves setting the input brightness temperatures to known non-zero values in the

observation equation 3.7 derived in Chapter 3.

4.1 Offset angle (4¢,, + 6,) estimation

Step 1 — Setting T4 = Tro = Tyr1 = Tnrz = Tamp yields the coherence offset Ac,;.
This can be achieved by pointing the antenna to a microwave absorber target at room
temperature, terminating the sum port of the magic-T and turning off the two noise

diodes.

Acy = =Gy G, @ [(a — b) Tanis — je 74 (¢ — d) Tauz ]

SteQ 2 — Settlng TA = TLNZ &TRO = TNRl = TNRZ = TAMB ylelds a non-zero
coherence estimate of c;;. This can be achieved by pointing the antenna to a

microwave absorber target immersed in liquid nitrogen (77 K)

oy = —Giy Gorye®[(aTry, — bTarp) —je 7 (c —d)Tp) ] @Y

Step 3 — Compute c3; — 4cyy
C’;1 — Aeay = —Gip, Gor, @1 [(aT 1y, — bTaaz) —je 7 (¢ — d) Tanz)
+ G:fm G-\'ﬁzejel[(cl —b)T 4B —je_jmg) (¢ — d) T vz :]

; (4.2)
= —Gi'fmezng‘T[(aTLN; — bT 4mp) — (a— b)TAMB]

__x ( a8
= ~G, Gy, @ a(T v, — Taum)
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Step 4 — Estimate the angle of the offset compensated coherency estimate

/ (c3 = Aca1) = (1 - h2) +0; 4.3)
= A¢ + 0
Note that the term 7 is not present in the above angle estimate because (T, y; — Tamp)
1s a negative number and gets cancelled with the minus sign upfront in the equation
4.2. If the RF and IF components after the transmission network in the two paths are

designed symmetrically, this offset angle can be made smaller.

4.2 Path phase error (A6) estimation

Step 1 — Setting T4 = Tro = Tyr1 = Tnrz = Tamp yields the coherence offset Ac,;.
This can be achieved by pointing the antenna to a microwave absorber target at room

temperature, terminating the sum port of the magic-T and turning off the two noise

diodes.

Acai = =Gy, G, @ [(a — b) Tanp — je 78 (¢ — d) Tunz ] (44)

Step 2 — Setting Ty = Tro = Tyr2 = Tayp and powering only the noise diode in
port 3 with a constant current yields a non-zero coherence estimate of c;; since Tyg; 18
a finite positive number much higher than the ambient temperature. The antenna is
pointed to a microwave absorber target at room temperature, the sum port of the

magic-T is terminated and the noise diode in port 4 is turned off.
Cs1 = =Gin, G, @%[(a — b)T.iap — je 79 (cTag, —dTams) ] 45
Step 3 — Compute c¢;; — Acyy

ey — Aear = =Gy, G, @ [(a@ — b)Tavp — je 749 (cTg, — dT4uz) |
+ G:m Gy QJQ‘_[((F —b)T anm _je—;(;\.ﬂ)(c. —d)T4uB | (4.5)

= G‘l*'r'HGTxT_‘- QF.Q{:’.G_'}-(AH}CT.\??1 - G\’u‘rlGwr:eje{je_jug}CTA_HB

= jGz, Gur,€°2c(Tnr, — Taup)

Vi
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Step 4 — Estimate the angle of the offset compensated coherency estimate

Ly —Aca = (§1— §2) + 60 + o (4.6)
= A¢21 I QQ i %

Step 5 — Subtract the estimated offset angle from the angle computed above in
step 4.

[ (ca1 —Acar) — £ (c3 —Aca1) = (A +07) — (Aday +0p + ) (4.7)
=0;—0p— =
YV

Note that according to equation 4.7, if the path phase error A6 is zero, the angle
between the offset compensated coherence estimates c¢;; and c¢;; will be 90° which is

consistent with the theory.

4.3 Noise diode temperature estimation

The expressions for (c3;- Acy1) and (c3;- Acy,) derived for estimating the offset angle
and path phase error in sections 4.1 and 4.2 are used again to estimate the noise diode

brightness temperature for a given current.

Step 1 — Calculate the ratio of the magnitudes of (c3;- Acy;) and (c31- Acyq)

using equations 4.5 and 4.2 respectively.

n
s j8
o —AC2y JGiry Grry€ 2c(Tnr,—Tauz)
, =Gy Gy @°10(Tvy—T )
c(ITxr,—Tauz)

a(T as—Tram)

(4.8)

Cyy—AC2]

Step 2 — Cross multiplication and rearranging terms yield the expression for

Tyr1 for a specified set current.

C'zl—ﬂf'g]_

!

C’jl—ﬂfgl

T, = Tamp + = (Tams — Trwn) (4.9)
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Following similar steps as before, the brightness temperature output by the
other noise diode Tyg, can be estimated. Let (c;;- Acy;) be the offset compensated
coherency estimate for the condition where the noise diode in port 4 is powered ON
with a specific current providing a brightness temperature output of Tyg,. The noise
diode in port 3 is powered OFF, the antenna is pointed to a microwave absorber target
at room temperature and the sum port of the magic-T is terminated. We have the

expression for c¢;;- Ac,; as follows.

c21 — Aczy = —Gip, G, 9-"-9-"[((? —b)T 4B —‘,?'efj-ug)(CTA_\JB —dTnr2) |
+ Gy, G, @[ (a — B) T — je 7 (¢ — d)Taus ] (4.10)

= _G:‘rrl Gwrg Qj-glje_j.ué)dr_\ﬂg + (—?\"r.‘l G‘I'HJ 9’?-9{}:9_}(33)(]}1{‘1{3
_‘,:';G‘T:,'Tl GT}T_‘.‘ dggd( T_VRQ . I{_\IB)

1ir

Calculating the ratio of the magnitudes of (c;5- Ac,;1) and (c3;- Acy1) using equations

4.10 and 4.2 respectively yields

n
el i@
Coq —ACr1 ‘ _..}GT,TI G"'er Qd{r_\'ﬁz_r_i_‘.iBJ

—Gir, Gry e®1a(Trxo—T a5)

(4.11)

C;l —Ac€aq
d(Tnz,—T srs5)
a(T 3T 12)

Cross multiplication and rearranging terms yield the expression for Tyg, for a

specified set current.

" Cy —Aca (412)
Ing, = Tamp + 5 | —7— |(Laps — Tin)
621_3621
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CHAPTER 5

25QCC SPECTROMETER PROTOTYPE BUILD

This chapter discusses the hardware details and build of the 2SQCC

spectrometer prototype instrument.

5.1 WR19 RF Front end

The V-band 2SQCC spectrometer RF front end is entirely built using WR-19
waveguide components. The Magic-T, quadrature hybrid, and the quarter wave shim
in the transmission network were both procured specifically for this instrument. The
horn antenna, RF LNAs, cross guide couplers, Gunn diode LLO source, isolators, and

3dB splitter were repurposed from an earlier V-band instrument. The model number

and manufacturer details of various front-end components are given in Table-1.

Component Manufacturer Model Number Cost
Magic-T Eravant SWM-40360320-19-SB $ 650
Q-hybrid Quinstar QSP-U05408 $ 1550

Cross Guide Couplers Spacek Labs X53-19 (two units) N/A

Noise Source Spacek Labs NS 53-6 (two units) N/A

RF LNA Spacek Labs SL-534-20-5 N/A

Gunn LO source Spacek Labs GU-482 N/A
RF DSB Mixer Spacek Labs M53-5 N/A
Isolator Ferrit Quasar | 4IWN-53-1, 4IWX-53-1 N/A

RF Filter Spacek Labs F53-4 N/A
Quarter wave shim Eravant SWI-19038-SB $110
Conical Horn antenna Spacek Labs Not available N/A

Table-1 RF front end component details.
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The RF front end assembled using the WR-19 components listed above is shown in
Figure 5.1. The two RF amplifiers and Gunn LO source are both powered using
separate LiPo batteries and low drop out regulator boards to preclude correlated
power supply noise from corrupting the measurements. The noise diodes are powered
by separate power supplies to be able to adjust and monitor the noise diode current.
The max current limit that can be supplied to the noise source without causing
permanent damage is +17mA. The Gunn diode oscillator requires +4.55V to provide
+10dBm output power at 50.1 GHz and draws approximately 700mA. All the

waveguide components are bolted to an aluminum base plate for mechanical stability.

Figure 5.1 25QCC WR-19 Front end

Component Voltage (V) Current (mA) Power (W)
Gunn LO 4.55 700 3.18
RF Amplifiers 10 80 (40 x 2) 0.80
Noise Diodes 14.5 22 (11x2) 0.32
Total 4.30 W

Table 2. Power Consumption by 2SQCC RF front end
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5.2 IF Amplification and Filtering

The total IF power available at the mixer output after downconversion from each of
the two receiver paths is further amplified by a set of four connectorized Minicircuits
GVA-93+ [24] amplifier modules per path. An 8GHz low pass filter is installed right
after the RF mixer output to limit the IF bandwidth and avoid spectral folding. A 3dB
attenuator is installed between two amplifier modules to improve matching and
prevent unwanted oscillations arising from poor amplifier matching. The two
amplifier chains need +5V supply voltage and draw +50 mA per amplifier module.
Both the IF amplifier chains are powered by a similar scheme as that of the RF
section using separate LiPo batteries and linear regulator boards. Figure 5.2 below

shows the two IF amplifier chains mounted inside an aluminum box for RF shielding.

Figure 5.2 Connectorized IF amplifier module

Each of the four GVA-93+ amplifiers in both receiver paths provide +18dB gain. There
are three 3dB attenuators in each IF amplifier chain. Hence the total IF gain

available in each path is approximately +63 dB. The total power consumption by the
IF board is approximately 2 Watts (5V, 200mA x 2).
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5.3 High-speed data acquisition

Coherent sampling of the amplified IF signals from the two receiver paths is
accomplished using a combination of two product evaluation modules graciously
donated by Texas Instruments (TI) Inc. The TI ADC evaluation module card
ADC12DJ5200RFEVM [25] has a dual channel 12-bit ADC capable of coherent
sampling at 5.2 GS/s and has an analog bandwidth of up to 9 GHz and full-scale input
voltage of +4 dBm. The EVM is operated in JMODES3 configuration with external
device and reference clocks supplied using a SynthHD pro v2 portable signal
generator. The ADC12DJ5200RFEVM 1is programmable to operate at a specific
sampling rate through a software GUI provided by Texas Instruments. The

ADC12DJ5200RFEVM consumes ~16W (12V,1.3A) of power.

The raw ADC data is captured at native rate using a high-speed data capture card TI
TSW14J57EVM [26] (Figure 5.3). The two modules are connected using an FMC+
connector. The TI HSDC Pro data capture GUI is used to display and store the
captured ADC samples as raw binary (bin) files. A MATLAB based automated data
capture process is developed to continuously store the raw ADC data captured by the
HSDC Pro software using the libraries made available by Texas Instruments. The

data capture card consumes ~22W (12V,1.8A) of power.

Figure 5.3 Data Capture card TSW14J57EVM (left) and Dual Channel ADC card
ADC12DJ5200RFEVM (right)
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The 0.1 — 8 GHz IF spectrum is divided to three sub-bands for detection using the
ADCs operating at 5.2 GS/s. For the Gunn diode LO frequency of 50.1 GHz, two sub-

bands in the RF and IF spectrum are identified as follows.

frequency response of the filter pairs used to generate sub-bands 1 and 2.

Figure 5.4 shows the

Sub- band # | IF Frequency RF Frequency Filter pair used
1 0—-2.6 GHz 50.1 — 52.7 GHz VLF-1800+
2 2.6 — 5.2 GHz 52.7 - 55.3 GHz VBFZ-3590-S+

Table 3. Sub-band mapping using connectorized filter pairs

First Nyquist Zone
Sub-band 01

Second Nyquist Zone
Sub-band 02

Filter response |sz1| (dB)

——Sub-band 01 (VLF-1800+ filters)

—Sub-band 02 (VBFZ-3590-S+ filters)

-70

50.5 51

51.5

52 52.5

53 53.5 54 54.5

Frequency GHz)

55

Figure 5.4 IF Sub-banding using connectorized filter pairs. The blue curve represents

the passband of the VLF-1800+ filter and the red curve represents the passband of
the VBFZ-3590-S+ filter.

29




5.4 System RF Power Budget

The RF power levels at key points of the 25QCC spectrometer are given below.

Receiver Noise Temperature per path 1000 K

Scene Temperature 300K

Bandwidth 8 GHz

System Noise Temperature 1000 K+ 300 K=1300 K
Total Power at RF mixer output -68 dBm (kTsysB)

Total IF Gain +63 dB

Power loss from sub-banding filtering -6 dB (8GHz to 2 GHz)
Total power to ADC input ports -11 dBm

Full scale input power of ADC +4 dBm

RFI head room before ADC saturation 2.5 bits (15dB power)

Table 4. System RF Power Budget

30



CHAPTER 6

LABORATORY TESTING & OBSERVATIONS

This chapter discusses the laboratory testing carried out to validate the 2SQCC
concept. The discrepancies observed between the theory discussed in Chapters 2-4
and the observations during the testing phase are studied to identify the source of

errors.

6.1 Calibration Setup

A custom calibration setup is needed to present the horn antenna with known
brightness temperatures to estimate the system constants. Two identical styrofoam
enclosures filled with microwave absorber material are used as black body targets. A
wooden frame to securely hold the styrofoam enclosure a few inches above the horn
antenna aperture is made in house. One of the styrofoam enclosures is filled with
liquid nitrogen to act as the cold target (77 K) and the other is kept at room
temperature to act as the hot target (Figure 6.1). The walls and lid of the styrofoam
enclosure are sealed off with aluminum tape except for a small circular area at the
center of the bottom face facing the antenna. This setup ensures that the antenna is

only observing the known brightness temperature in the calibration mode.

Figure 6.1 Custom calibration setup built using Styrofoam enclosures and
wooden support structure.
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6.2 Path phase error estimation and compensation

The fundamental requirement in a 2-path 2SQCC front-end is that the brightness
temperature differences input to the sum-difference hybrid and the quadrature
hybrid move orthogonal to each other in the correlation space. This requires ensuring
precise length matching in building the 2SQCC transmission network hardware. A
path phase error of 90° at 50 GHz can occur from a cumulative length mismatch of
1.9mm in the overall transmission network path when using WR19 size waveguides.
Length matched waveguide straight sections and bends were used to assemble the

transmission network (Figure 6.2).

Jn;w;i:'n.

&

Figure 6.2 2SQCC Transmission Network build using WR19 hardware

Following the procedure described in Chapter 4, the path-phase error in the 2SQCC
transmission network in Figure 8 at the front end was estimated. It was observed
that the brightness temperature differences in the magic-T and quadrature hybrid
were moving in the same axis and were not appearing orthogonal in the correlation
space as expected. This can be observed from the scatter plots for c¢,; in the top row

in Figure 6.3. The red constellation and purple constellation move along the same
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axis contrary to the expected orthogonal movement. This indicated that there is a
need for a quarter wavelength shim in the transmission network to ensure
orthogonality of brightness temperature differences in the complex correlation space.
The scatter plots for c,; in the bottom row represent the coherence estimates after
the installation of the quarter wave shim. It is clearly seen that the red constellation
of points moves orthogonal to the purple and yellow constellations as expected post

the installation of the shim.

The yellow constellation of points corresponds to the scatter plot of c¢,; with noise
diode 1 turned ON and noise diode 2 OFF. The purple constellation of points
corresponds to the scatter plot of c,; with noise diode 2 turned ON and noise diode 1
OFF. These two constellations of points move on the same axis opposite to each other

as expected for both the sub bands.

The blue constellation of points corresponds to coherence estimate c,; for the case of
Ty = Tgro = Tyr1 = Tygrz Which is defined as the coherency offset Ac,; in Chapter 3. For
sub-band 01 the coherency offset is very small as evident from the spread of the
constellation about the origin. For sub-band 02, the coherency offset is higher, but

the orthogonality of brightness temperature differences is preserved.
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Figure 6.3. Coherency estimate ( c,;) plots before path phase error compensation (top
row) and after path phase error compensation (bottom row). The color-coded legend
indicates the brightness temperature conditions generating the corresponding c,,

estimates.
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6.3 Effect of Noise Diode Reflections

A pair of noise diodes are used to provide the reference brightness temperatures Tyg;
and Tyg, input to the quadrature hybrid in the 2SQCC transmission network.
Initially, the two noise diodes were directly connected to the quadrature hybrid input
ports through a straight section. The two noise diodes unfortunately had very poor
s11 performance. The return loss improved slightly with an increase in the amount of
current flowing through the diode. To ensure a better match so that the reflected
power does not cause unwanted coherence offsets, an isolator was installed at the
outputs of both of the noise diodes. A waveguide bend had to be used instead of a
straight section for one of the isolators due to insufficient mechanical clearance
between waveguide ports of the quadrature hybrid (Figure 6.4). The s;; plots of both

the noise diodes for different currents are given in Figure 6.5.

Figure 6.4 Isolator installation (top-before, bottom-after) to improve noise diode
matching and minimize reflection induced phase offsets. The circle indicates the

location of the isolator.
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Figure 6.5 Return loss at the noise diode output port for different currents

The installation of the isolators improved the orthogonality of the brightness
temperature differences in the correlation space considerably. This is demonstrated
in Figure 6.6. Consider the coherence estimate for the case of the brightness
temperature difference ATz > 0,AT, = 0 (Noise Diode 1 ON, purple constellation of
points) on both the left and right plots. The orthogonality of the brightness

temperature differences improved by ~20° with the installation of the isolators.

It was earlier discussed that the path phase error 46 is only a function of physical
length mismatches in the transmission network. The noise diode reflections due to
poor matching resulted in a phase offset error that manifested as path length error
compromising the orthogonality of brightness temperature differences. The offset
angle (4¢,; + 0;) did not change significantly, suggesting the path phase offset was
caused purely by noise diode reflections alone and not attributable to the magic-T

input ports.
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Figure 6.6. Improvement in orthogonality of coherence estimate achieved by isolator

installation at noise diode output ports

6.4 Effect of Amplifier Instability

The stability of an RF amplifier is evaluated using the K-factor and/or p-factor which

are in turn derived using s-parameter measurements [27]. Based on the values of

these two parameters, circuit stability is classified into different categories. A

summary of these stability conditions is given in Table-5.

K-factor p-Factor Circuit Stability
K<1 p<l Potentially Unstable
K<1 pn>1 Output Potentially Unstable
K>1 pn<l Input Potentially Unstable
K=1 p=1 Marginally Stable
K>1 p>1 Unconditionally Stable

Table 5. RF Amplifier Stability conditions based on K and p factors



It was observed that the RF-LNA on path-01 was potentially unstable over a
bandwidth of approximately 1 GHz (54-55 GHz). Both K and p factors for the RF

amplifier in this frequency range was less than 1 (Figure 6.7).

This instability was caused by the poor output matching of the amplifier with the RF
filter’s input port. To improve matching and make the amplifier unconditionally
stable, an isolator was added at the output of the RF LNAs on both the receiver paths.
This solved the instability problem and made the path-01 amplifier unconditionally
stable. The instability resulted in the path phase offset angle (4¢,; +6,) to be
different by ~20° before and after the addition of the isolator. The path phase error
also moved closer to zero thereby improving the orthogonality of the brightness
temperature differences. The coherency c,; scatter plot in Figure 6.8 depicts the
change in the path phase error and the path phase offset angle caused by the
instability and how the installation of the isolator at the amplifier output port

1mproved the overall performance.
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Figure 6.7 Stability factors of RF LNAs
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Figure 6.8 c,; scatter plot for various input brightness temperature differences. Left
(with conditionally stable amplifier in path -01. (Right) unconditionally stable
amplifier in path -01.

6.5 Noise Diode Power — Linearity & Repeatability

One of the three parameters that is assumed as a constant in the antenna
temperature estimate (equation 2.19) i1s the noise diode output brightness
temperature. The noise diode output power is linearly proportional to the current
through the diode. Therefore, by maintaining a constant current drive for the noise
diodes, a known stable output brightness temperature from the noise diodes can be
obtained. The procedure outlined in section is used to estimate the noise diode output
brightness temperature for different current drives for both noise diodes (ND1 and
ND2). It is observed that for the same drive current (11mA), the output brightness
temperature is constant for different switch ON events on different days. (Figure 6.9).
The diode current fluctuated by approximately £30pnA over the course of the data

collection period and is the likely source of the slight difference in the output
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brightness temperatures observed in the two separate switch ON events. By
exercising better current control techniques such as the use of constant current
mirror circuits for generating the diode drive current, the diode output brightness

temperature can be stabilized much better.
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Figure 6.9 Noise diode output brightness temperature (K) for a constant current of

11 mA for different switch ON events. Noise diode 01 (left) and Noise diode 02 (right).

The noise diode output power also scales linearly with the magnitude of the diode
current. This characteristic is clearly seen in Figure 6.10 where the noise diode output
brightness temperature spectra is estimated for different diode currents (6.5 mA, 11
mA, and 17 mA). The manufacturer specified maximum rated diode current is 17 mA,
corresponding to an output Excess Noise Ratio (ENR) of ~23.8dB for noise diode 01
and ~25.37 dB for Noise diode 02. The noise diode is typically operated with a drive

current of ~11mA to ensure safety and provide a strong noise signal output from the
diode.
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Figure 6.10 Noise diode output brightness temperature (K) different diode drive
currents. Noise diode 01 (left) and Noise diode 02 (right).

6.6  Stability of System Constants (4¢,, + 6;) and (A)

The path phase error A6 and the path phase offset angle (4¢,, + 6,) are treated
as fixed hardware constants in the retrieval equation that can be estimated a
priori and used in the retrieval process. These two hardware system constants are
estimated by presenting known brightness temperature inputs to different ports
and following the technique outlined in sections 4.1 and 4.2. Figure 6.11 shows
the estimated path phase error computed using data from different switch-ON
events and for different diode currents for the frequency range of 51 GHz to 52.5
GHz. As expected, these curves closely follow each other confirming the
assumption that the path phase error is indeed a fixed hardware parameter and
stays constant. A similar estimation process i1s used to estimate the path phase
offset angle for multiple switch-ON events and this parameter is also found to be

a constant validating the assumptions made in using equation 2.19 for retrieval.
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Figure 6.11 The estimated path phase error (top) and the path phase offset angle

(bottom) computed using data from different switch ON events.
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6.7 Handling Crosstalk

In the mathematical analysis of chapters 2 and 3, the gain matrix was assumed
to be a diagonal matrix. This assumption is valid in the absence of any mechanism
coupling the signals in one receiver path to the other. In practice, one of the major
error mechanisms in a cross-correlating radiometer architecture arises from
crosstalk or coupling between the multiple receiver paths. Crosstalk can corrupt
the cross-correlation magnitude and angle estimates and introduce systematic
errors and offsets into the retrieved geophysical parameter of interest. The
amount and mechanism of cross-path coupling are both typically fixed once the
hardware is built and need to be quantified and compensated before the detection
stage. In a 2SQCC architecture, the cross-talk compensation needs to be applied
to the complex FFT coefficients of the two receiver paths before the coherency

matrix i1s computed.
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Figure 6.12 Graphical representation of the cross-talk due to coupling between
receiver paths. The blue line represents coupling of path-02 signals to path-01.
The red line represents coupling of path-01 signals to path-02. The cross-talk can
happen at the passive transmission network, RF section, IF section, or at the ADC

chip itself.
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A mathematical framework to model and compensate for the effects of cross-talk
is discussed below. Let C{"**** and C]**** represent the complex FFT coefficients of
the two measured receiver path signals. This can be considered as the combination
of the true value that we are seeking mixed with a fraction of the signal coupled

from the other path. This mixing process can be modeled as follows.

s Hm, 1 = Cy + Hm,, CTe
Hyp,, and H,p,, represent the coupling coefficients between the two paths and can
be different from each other depending on the coupling mechanism between the
two receiver paths. H,p , represents the amount of path-02 signal coupled to
path-01 and H,j, represents the amount of path-01 signal coupled to path-02.
The true value of C; and C, denoted as C/"™¢ and C[™¢ in equation 6.1 can be
retrieved if the coupling coefficients H,;, and H,p, can be measured

independently. This correction process can be described mathematically as

follows.

.
Cﬂ'“{? l H -]___[,-,. C”.‘é‘:‘ﬂs

! = A2 * (6.2)
CE]"UE HIHJ l CE.’{?(TS

The cross-talk matrix H,; is frequency dependent and the two off diagonal entries

of interest Hy;,, and Hyp,, can be estimated by sweeping a CW tone of known input

power in one path and estimating the complex FFT coefficients of the signals
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observed on the two paths at the same frequency. The ratio of the two complex

FFT coefficients gives a measure of the crosstalk between the two receiver paths.

The individual elements of the crosstalk matrix H,; can then be estimated as

follows.
N G o 1 TR | (85
H.,, = <(_> e (6.3)

where a known CW tone is input to path-01 RF amplifier.

Ha,={2)=41> & (6.4)

where a known CW tone is input to path-02 RF amplifier.

Following the above outlined procedure, the cross-talk matrix for the 2SQCC
hardware is estimated for the frequency range of 50.1-52.5 GHz. A model of the cross-
talk matrix is generated using linear fitting methods as a function of frequency to be
used in retrieval before coherency matrix computation. The measured and modeled

plot of the crosstalk matrix elements is given in Figures 6.13 and 6.14.

Hyp,, and Hyp,, are both complex numbers very much less than 1 for a system
with excellent cross-talk rejection. The crosstalk matrix entries measured for the
2SQCC hardware is better than -40dB for the frequency range that was studied (from
50.1-52.5 GHz). The cross-talk increases after 52.2 GHz, and this can be attributed
to the cross-talk in the ADC board itself while operating at higher Nyquist zones. The
cross-talk performance is limited by the RF-LO isolation in the two RF mixers in the
2SQCC front end. Each mixer in the RF front end has ~20dB of RF-LO isolation
thereby totaling to ~-40dB of isolation between the two signal paths and forms an

upper bound on the maximum achievable cross-talk performance.
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Figure 6.13 Crosstalk matrix element H,; , — Measured & model values.
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Figure 6.14 Crosstalk matrix element H,;,, — Measured & model values.
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6.8 VNA Characterization

The discussion in Chapter 3 highlighted the need to account for the non-idealities
in the transmission network and derived the expression for coherency matrix
elements for a 25SQCC spectrometer with a non-ideal transmission network (equation
3.5). This analysis necessitated a full 6x6 s-matrix VNA characterization of the
transmission network to estimate the values of the forward transmission parameters
for use in the retrieval equation 3.10 and was performed using the VNA facilities at
Weather Stream (Figure 6.15). The port naming convention of Figure 2.1 is followed
for this characterization. Since the VNA is a two-port device, fifteen two-port
measurements were carried out to generate the full 6x6 S-matrix of the 25QCC
transmission network. The magnitude of the forward transmission parameters for
the transmission network measured over a frequency range of 50-58 GHz is shown in

Figure 6.16 and will be used in the antenna temperature estimator equation 3.10.

Figure 6.15 Measurement setup for the 2SQCC transmission network VNA

characterization.
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Figure 6.16 2SQCC transmission network forward transmission parameters

measured at Weather Stream.
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CHAPTER 7

CONCEPT VALIDATION

7.1 Field Testing & Brightness Temperature Retrieval

After the extensive laboratory testing and addressing the challenges discussed in
the previous chapters, an outdoor field test was carried out at the University of
Colorado campus on March 22, 2025 for concept validation. The microwave brightness
temperature spectrum from 50-58 GHz expected to be observed by a zenith pointing
spectrometer on a clear sky day at Boulder, CO was generated (Figure 7.1) using the
MRT model and an average US standard atmospheric profile [16-18] for comparing
the spectra estimated by the 2SQCC spectrometer.

Brightness temperature profile generated using

300 Microwave Radiative Transfer (MIRT) Model
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Figure 7.1 Brightness temperature profile generated using MRT model.
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The 2SQCC spectrometer and other necessary instrumentation was wheeled over
to Farrand Field (Figure 7.2) in a stable four-wheeled cart. The horn antenna was
pointed to zenith and sky measurements were taken for both sub-band 01 (50.1-52.7
GHz) and sub-band 02 (52.7 — 55.3 GHz) with the noise diode current set to 11 mA.
Only one of the noise diodes were powered ON at a time providing a non-zero
brightness temperature difference at the quadrate hybrid input ports. The sum-port
of the magic-T was terminated maintaining the same configuration as in the

laboratory testing phase.

Figure 7.2 Outdoor Sky measurements with 2SQCC spectrometer (top - left &
right). Aravind Venkitasubramony performing the pre-measurement sanity checks

and getting the instrument ready for measurements (bottom).
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The mathematical procedure for estimating the antenna temperature from the

coherence estimate c,; was outlined earlier in Chapter 3 which accounted for the

different non-idealities in the transmission network. The estimator equation

developed in (equation 3.10) for the antenna temperature T, is reproduced below.

cos (A8) (cTvz,~dTxz, ) }
tan( /_co1—(Aga1+0+7))

T4 = L[bTgr, + sin(A8)(cTnr, — dTnr,)] —

The system constants in the above equation are already estimated from laboratory

tests and VNA characterization.

1.

Noise diode output brightness temperature Tyi ( for I=11mA),

2. Path phase error A8
3.
4

Offset angle (4¢,, + 6;)

. Brightness temperature weighting factors a, b, c, and d

Using these constants, the brightness temperature observed by the spectrometer

1s shown in Figure 7.3 (sub-band 01) and Figure 7.4 (sub-band 02).

Zenith Brightness Temperature Spectrum (Farrand Field March 22, 2025)
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Figure 7.3 Sub-band 01 Brightness temperature spectrum retrieved by 2SQCC

spectrometer (purple) and brightness temperature spectrum predicted by MRT model

(red)
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Figure 7.4 Sub-band 02 Brightness temperature spectrum retrieved by 2SQCC
spectrometer (purple) and brightness temperature spectrum predicted by MRT model

(red). The three green ellipses point out the three absorption peaks in the 53-54.5
GHz region.

The retrieved brightness temperature spectrum is offset from the MRT model
prediction by ~7 K which can be attributed to the use of a standard US atmospheric
profile in the model and differences in the precise knowledge of the bulk atmospheric
temperature on the specific day of the measurement. The three absorption peaks are
offset by ~70MHz compared to the model and could be due to the Gunn local oscillator
frequency drift. The total data averaged to calculate these estimates is 7,=51ms with

an FFT bin width B= 2.5 MHz.

For a correlating radiometer, the sensitivity AT, 1s given by the following

relation [28]

vV 2TSYSlTSY52 (7.1)

AT, s(correlating) =

B'l'i
Where Tsy5; and Tgys, correspond to the system noise temperatures of the two
individual receiver paths. The Y-factor measurements of the two receiver paths
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referenced to the antenna aperture yielded receiver noise temperatures
Trec for both paths. The average brightness temperature expected to be seen at the
horn aperture T, is obtained from the MRT model. The overall system noise
temperature for each individual receiver path referenced to the antenna aperture is

thus estimated. (Table 6).

Sub-band # Trec Ty Tsys = Ta + Trec
Path-01 | Path-02 | Path-01 | Path-02 | Path-01 Path-02
Sub-band 01 | 600 K 700 K 100 K 100 K 700 K 800 K
(50.1-52.7 GHz)
Sub-band 02 | 500 K 500 K 200 K 200 K 700 K 700 K
(50.1-52.7 GHz)

Table 6. System Noise Temperature estimation for individual receiver paths.

Using equation 7.1, for Sub-band 01, the expected sensitivity of the 2SQCC
spectrometer is therefore estimated as 2.97 K. The 6-sigma variation in the measured
spectrum is ~30 K and hence the measured AT,,,s is ~5 K. The difference is likely due
to the fluctuations in the estimate of the receiver noise temperatures Tgrgc; and Tgrgeo-

Using equation 7.1, for Sub-band 02, the expected sensitivity of the 2SQCC
spectrometer is therefore estimated as 2.77 K. The 6-sigma variation in the measured
spectrum is ~25 K and hence the measured AT, is ~4.2 K. The performance is
slightly better for sub-band 02 as the RF-LNA on both paths is designed for best

performance at the center frequency of 53 GHz.

Sub-band # Theoretical AT, Measured AT,
Sub-band 01 (50.1-52.7 GHz) | 2.97 K 5K
Sub-band 02 (560.1-52.7 GHz) | 2.77 K 4.2 K

Table 7. 2SQCC Spectrometer Sensitivity (Measured vs Expected).
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7.2 Comparative Assessment

The measured sensitivity of the 2SQCC spectrometer should be compared against
that of an 1deal single path total power radiometer for a quantitative comparison of
the performance of the new architecture. The sensitivity of a single path total power

radiometer is well known [29] and is given by the following relation

T.
AT, ms(total power) = —= (7.2)

1/BT1'

where Tsys 1s the system noise temperature of the single path radiometer. The

diagonal terms of the coherency matrix c¢;; and c,, are equivalent to the output of a
total power radiometer as evident from the equation 3.5. The brightness temperature
estimation using these two terms use only half the total antenna input power due to
the 3-dB split at the magic-T. To compensate for that, the brightness temperature
estimate using c;; and c,, are averaged together and used to compare against the

sensitivity performance of the 2SQCC spectrometer.

Figure 7.5 shows the brightness temperature spectrum retrieved using the total
power method and the 25QCC method for sub-band 01. The 6-sigma variation in the
sub-band 01 spectra retrieved using the total power radiometer method is
approximately 20 K and hence the measured sensitivity AT,,,.(total power) is ~3.33
K. The sensitivity of the 25SQCC spectrometer in sub-band 01 was found to be ~5K
(Table 7).

Figure 7.6 shows the brightness temperature spectrum retrieved using the total
power method and the 2SQCC method for sub-band 02. The 6-sigma variation in the
sub-band 02 spectra retrieved using the total power radiometer method 1is
approximately 17 K and hence the measured sensitivity AT,,,s(total power) is ~2.8 K.
The sensitivity of the 2SQCC spectrometer in sub-band 01 was found to be ~4.2 K
(Table 7).
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Figure 7.5 Sub-band 01 Brightness temperature spectrum retrieved by 2SQCC

spectrometer (purple), brightness temperature spectrum predicted by MRT model

(red-dotted), and total power radiometer (red-solid)
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Sub-band # Measured ATy, Measured AT,
(Total Power) (25QCC)
Sub-band 01 (50.1-52.7 GHz) | 3.3 K 5.0K
Sub-band 02 (50.1-52.7 GHz) | 2.8 K 4.2 K

Table 8. 2SQCC Retrieval Sensitivity vs Total Power Sensitivity (Measured)

The sensitivity of a total power radiometer is better than the 2SQCC
spectrometer. This is along expected lines as the sensitivity of a total power
radiometer cannot be theoretically exceeded and is better by a factor of V2. The
reduction in sensitivity of the 2SQCC MXCR architecture can be compensated by
averaging over the additional integration time available as it is continuously
calibrating. Dedicated calibration views otherwise required in a total power
radiometer for gain and offset estimation are not needed in the 2SQCC architecture

and can move closer to the sensitivity of the ideal total power radiometer.
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CHAPTER 8

ACTIVE - PASSIVE CO-EXISTENCE THROUGH A SPECTRUM
BROKER APPROACH

8.1 RFI Concerns at V-Band & Spectrum Broker Concept

Radio Frequency Interference (RFI) has emerged as a major concern for many
users of the electromagnetic spectrum. This is particularly significant in
observational sciences—such as radio astronomy, Earth microwave remote sensing,
and studies of the Sun and ionosphere—where extremely sensitive measurements are
essential. Fifth-generation (5G) wireless communication systems have been assigned
frequency bands ranging from 24 to 40 GHz, with specific sub bands detailed in
Figure 8.1. However, devices operating in the 24-30 GHz range may inadvertently
interfere with water vapor-sensing radiometers—both satellite- and ground-based—
that operate in the adjacent 23.6-24.0 GHz band, due to intermodulation effects.
Additionally, oxygen-sensing radiometers functioning in the 50-58 GHz band are
vulnerable to second-harmonic distortion generated by 5G transmitters in the 24—-30

GHz range.

<1GHz == 3GHZ ~— 4GHz SGHz

24-28GHz = 37-40GHz — 64-71GHz
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Global snapshot of 5G spectrum

Around the world, these bands have been allocated or targeted

Figure 8.1 Global Fifth Generation (5G) Frequency Allocations (source: Qualcomm)
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According to Niiler, NOAA (National Oceanic and Atmospheric
Administration) chief Neil Jacobs has warned that interference from 5G transmitters
operating near the 24 GHz band could reduce weather forecast accuracy by up to 30
percent—setting forecasting capabilities back to the level of the 1980s [30]. This
degradation could pose serious threats to public safety, particularly during
hurricanes, tornadoes, and other severe weather events. Lubar adds that such
interference could delay the accuracy of a three-day forecast by as much as 3 to 6
hours, significantly increasing the risk to thousands of people in the event of a natural

disaster [31].

One strategy to mitigate this interference involves synchronizing terrestrial
signal transmissions with short blanking intervals timed precisely with satellite
overpasses. Since the exact timing and location of a satellite’s beam can be accurately
predicted, RFI from 5G sources can potentially be reduced through synchronization-

based mitigation.

The concept of a spatial-spectral broker scheme to explore such a co-operative
spectrum sharing model and synchronized RFI mitigation approach is explored
through a collaborative research effort between three universities — Baylor
University, University of Colorado at Boulder, and Purdue University through the
NSF Spectrum and Wireless Innovation enabled by Future Technologies (SWIFT)
initiative. The 50-58 GHz 2SQCC spectrometer development was partially funded by
this project. The spectrometer will be used to report RFI due to second harmonic
emissions from a 5G transmitter to the spectrum broker. Upon the report of RFI by
the spectrometer, a series of mitigation steps are then initiated by the spectrum
broker to minimize interference and ensure co-existence between active and passive

users [32].
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8.2 Study of RFI from 5G second harmonic emissions

The 4th-order normalized central moment statistic (kurtosis) provides a
powerful means of detecting and excising sinusoidal RFI of non-Gaussian

anthropogenic origin [33].

)4
Kurt(X) = (;((\\_—:))) (8.1)

The property that kurtosis of a purely gaussian signal is 3 is very convenient
in differentiating the thermal noise of geophysical origin from sinusoidal carrier
signals. Since the FFT operation is linear, the real and imaginary parts of the FFT
coefficients of a gaussian signal are both gaussian and hence will have a kurtosis
equal to 3+tAK;ms (where AKyms = \/m and N 1s the number of samples used for
computing the kurtosis). The MXCR architecture by design works on a
spectrometer based digital detection scheme using FFTs to generate the spectrum
of the elements of the coherency matrix. The kurtosis of the real and imaginary
parts of the individual path FFT coefficients of the 2SQCC spectrometer can be

used to generate four kurtosis spectra to report RFI

SK1x(f) = Kurt[Re{C1(f)}]
SK1;(f) = Kurt[Im{C1(H)}] (8.2)
SK2r(f) = Kurt{[Re{C1(f)}]
SK2:(f) = Kurt[Im{C2(f)}]

A spectral RFI mask for each receiver path can be generated using the above
four kurtosis spectra to excise RFI corrupted frequency bins in each receiver path.
This capability is crucial for all the future passive sensors so that RFI corrupted

measurements do not compromise the quality of numerical weather prediction.
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A 16-channel COTS 5G beamformer module (TMYTEK BBox-One 5G) [34] and
a 16 element 4x4 patch antenna array optimized for use with this unit were
procured to mimic a commercial 5G base station (Figure 8.2). The beamformer
was driven by a CW tone at 25.25 GHz which would fall in the 5G n258 band. The
second harmonic emissions, if any, would appear at 50.5 GHz and can be flagged
by the 25QCC spectrometer using the spectral kurtosis metric and will be reported

to the spectrum broker. The test setup block diagram is shown in Figure 8.3.

Figure 8.2 TMYTEK BBox-One 5G Beamformer and 4x4 patch antenna array

The BBox transmitter and the receiver horn antenna are separated by 1m
distance which ensures that the transmit and receive antennas are in the respective
far field zones of each other. Two separate tests were carried out with the test setup
in Figure 8.3. For one of the tests, the input signal driving the BBox was generated
using a 13GHz signal generator and a frequency doubler (Gigatronix-840). For the
second test, the BBox input signal was generated directly from a 40GHz signal
generator (HP83640L) without frequency doubler unit.

It was observed that second harmonic emission from the BBox patch antenna

array was detected only when the frequency doubler was used to generate the input
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signal to the BBox. Whenever the HP83640L signal generator was used to generate
the input signal to drive the BBox, the spectrometer did not detect the second
harmonic emission. The takeaway from the above test was that the RFI due to second
harmonic emission is dependent on the spectral purity of the driving source. The
BBox itself did not generate any second harmonic emission. But the second harmonic
emission generated by the source itself was able to propagate through the
beamformer circuits and radiate through the antenna array. This effect was able to
be removed by using a low pass filter of appropriate cutoff frequency at the output of
the frequency extender thereby preventing the second harmonic from entering the
BBox. Figure 8.4 shows the excision of 50.5 GHz second harmonic signal carried out

by a spectral mask generated using the kurtosis spectra.

Signal Source

BBox Set to TX mode Integrated 4x4 SR L L — 5 RX Antenna N \f:Band Texas Instruments
CH-1-16 ON, 0dB Gain patch antenna Antenna Conical Horn | —> —| ADC & Data
x Boresights ~21dB Gain (50-58GHz) Capture Cards
| aligned
I A
| 1
1 Ethernet USB 2.0 and USB 3.0 s

_________________ Laptop A .

Figure 8.3 Test setup to study V-band second harmonic emissions from BBox-

One. Block diagram (above), Laboratory setup (below).
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Figure 8.4 RFI due to second harmonic emissions from a 5G beamformer
detected and excised using spectral kurtosis.

The radiation pattern of the 4x4 patch antenna array in the second harmonic region
will be different from the radiation pattern of the designed frequency range of the
antenna. To identify if there was any preferred direction for the second harmonic
radiation by the BBox, measurements were taken with the 4x4 patch antenna array
pointed in different orientations relative to the radiometer horn antenna. It was
observed that the 4x4 patch antenna array response in the second harmonic region
was mostly omnidirectional and hence any second harmonic emissions will be

radiated in all directions.

An accurate estimate of the interfering power from these devices can be measured
using a sensitive spectrometer and is critical to calculate the maximum allowable
density of these devices in a unit area. This idea was explored in [35] and for a given
brightness temperature retrieval error, the maximum number of these devices in a

unit area can be estimated using the density of interferers equation (Figure 8.5).
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0T ~0.01-1K for many weather and climate applications
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Younis, et al., "Interference from 24-GHz Automotive Radars to Passive Microwave Earth
Remote Sensing Satellites," IEEE Trans. Geosci. Remote Sensing, 42 (7), 2004.

Figure 8.5 Density of Interferers Equation

Assuming a 5G signal in the n258 band centered at 25.25 GHz and 100MHz
bandwidth is transmitted causing second harmonic RFI, the density of interfering
transmitters n (per sq km) emitting isotropic RFI of power Prin the second harmonic
region (50.5GHz, 200MHz) that will cause 10mK error in temperature retrieval is
calculated using the density of interferers equation as below.

50.5 GHz 2nd harmonic n258 and n257 emissions

p f—J 4:£ ((5T)B("()x().(“"
P/C' c? )

A

50.5 x 10°)* 47 (1.38 x 10-23 |
(50.5 ) ( ( )>(().()1)(2)(l()()x 1(;'-)(.(,_\.“”(10( | m\)

((10C-117100) % 10-%) (1) \ (2.998 x 10%)*
= 1.96 x 107" m™ or 1.96 x 10? transmitters per square km
[T
(Ag) = /=-=T1lm
Vo

The number of these devices in a unit area can be increased if the interfering power
from each individual unit is lower and vice versa. Table 8 shows the density of devices
(km-2) and separation between devices As (m) needed between these devices for the

10mK temperature retrieval error in satellite-based temperature measurements.
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Interfering Power P Density p (km-2) Separation As (m)
-44 dBm 1.96e-4 71
-51 dBm 0.001 31.6
-61 dBm 0.01 10
-71 dBm 0.1 3.16

Table 9. Allowed Density of Interferers vs Interfering power for 10mK brightness

temperature error in retrieval.

In view of the observations from the second harmonic emissions tests, a 24 GHz
HPF and a 31 GHz LPF may be essential for 5G mmwave transmitters to attenuate
out-of-band emissions (OOBE) in the 23.6-24.0GHz band and second harmonic
emissions in the 50-58 GHz band. The studies we have carried out only considered one
commercially available 5G beamformer, further studies using different commercial

5G mmwave radio solutions, modulation techniques, and realistic RFI levels is

warranted.
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CONCLUSION & FUTURE WORK

The first ever 2-path 2SQCC V-band spectrometer instrument based on the Multi-
Path Cross Correlation Radiometry (MXCR) technique has been built and tested. The
theoretical analysis and mathematical framework to understand the principle of
operation of a 2SQCC spectrometer is developed. Brightness temperature retrieval
using the 2SQCC MXCR technique 1s successfully validated by outdoor sky
measurements and comparing with the microwave radiative transfer model (MRT).
The ability of MCXR concept in retrieving unknown brightness temperatures using
predetermined fixed system constants without needing frequent calibration views is
demonstrated. The sensitivity of the 2SQCC correlating architecture is compared to
that of an ideal single path total radiometer and the results compare within
reasonably well. The decreased sensitivity of the 2SQCC architecture compared to
the total power radiometer can be compensated through additional integration time
available by virtue of needing lesser time for calibration views. Key design
considerations in building future instruments based on MXCR concept have been
identified. The need for a digital detection scheme for future passive sensing

applications in the presence of increased RFI emissions is motivated.
Some of the desirable future work in the 2-path MXCR scheme involves

1. Investigating ways to stabilize and measure noise diode current to better
accuracy, thereby minimizing noise diode temperature fluctuations.

2. Real-time processing of the ADC data using FPGAs or ASICs to generate and
store accumulated coherency matrix estimates, thereby vastly improving
integration time efficiency and sensitivity.

3. A study of the stability of system constants with device temperatures would be
beneficial to compensate for thermal drifts, however small they may be.

4. Studying the limits of gain compression and gain fluctuations that can be

tolerated by the 2SQCC scheme before the estimation breaks down.
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