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Abstract—This work reports on a wideband near-zone radiative 

system operating from 1 to 50 GHz for examining the possibility 

of electromagnetic emission from a community of bacteria in a 

petri dish or any other distributed sources confined in a small 

focusing area. The system includes a dual-polarized signal 

collector, a Dicke switch, broadband low-noise amplifiers (LNAs) 

and a precision spectrum analyzer. The signal collector is 

composed of a quadruple-ridged horn-type structure of 

dimensions 𝝀𝑳 × 𝝀𝑳 × 𝟏. 𝟔 𝝀𝑳 (where 𝝀𝑳 is the wavelength at the 

lowest frequency) having two orthogonal probes. The provision of 

a dielectric cone along the horn central axis allows for collimating 

the waves in the focusing area over the entire bandwidth. 

Therefore, the signal collector acts as a field concentrator to 

provide a uniform field distribution across the focusing area 

(source location). The entire structure is designed to be EM-

shielded and free from resonance. It can effectively exclude outside 

interference while maintaining a uniform collection of the 

electromagnetic spectrum.  

 

Index Terms— Distributed sources; dual-polarized sensor; 

electromagnetic signaling; wideband radiative sensor.    

 

I. INTRODUCTION 

lthough there are many hypotheses about purposeful 

electromagnetic wave signaling between biological cells 

in the literature [1]-[3], no experiments have proved the 

existence of such signals in the GHz frequency range so far. The 

spectrum and the power level of such signals, if they do exist, 

are still unknown. Recent theoretical models suggest that 

radiation may happen somewhere between 1 to 50 GHz, 

depending on the physical parameters of cells, and the power 

level is expected to be on the same order as that of thermal 

noise. In order to explore the existence of radiation from 

biological samples, an ultra-wideband system with very high 

sensitivity is needed to perform the necessary measurements.  

Radiative probes have several advantages over non-radiative 

capacitive probes such as coaxial probes which makes them 

more reliable for sensing the collected electromagnetic wave 

emanated from distributed sources. Non-radiative high-
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impedance probes capture the electromagnetic waves through 

their very near-field region which is limited to the very small 

contact area around the tip of the probe [4]. In addition, the 

presence of the probe may significantly affect the environment 

and the field distribution of the sources producing the field. 

Another drawback of capacitive probes is their small collection 

area. Moreover, the probe should be in very close proximity of 

the source and is sensitive to positioning. Finally, half of the 

power is missed due to polarization mismatch. Different 

radiative probes such as TEM cells have been reported to 

measure radiation from electromagnetic sources or generate 

uniform electric field over a wide bandwidth [5-11]. The first 

TEM cell was introduced by Crawford in 1974 [5]. Since then 

different shielded or unshielded TEM cells have been reported 

for different purposes including characterization of radiation 

from printed circuit boards [6], estimation of electromagnetic 

emission from electrically large equipment [7],[8], and pulse-

exposure studies of biological specimen [9]. The bandwidth of 

TEM cells are limited by cutoff frequency of the higher order 

modes. In [10], by suppressing higher order modes, a TEM cell 

design with 85% fractional bandwidth operating from 1 GHz to 

2.5 GHz is reported. However, for certain applications where 

the spectrum of the emitted signal is not known, a system 

capable of detecting signals over multiple octave bandwidth is 

required. Moreover, TEM cells only capture a single 

polarization which makes them deficient for detection of EM 

signals emanated from a collection of randomly oriented 

sources.  To address these problems, an EM-shielded and 

resonance-free structure is presented which allows for capturing 

electromagnetic emission from a collection of distributed 

radiators confined in an area of 0.15 𝜆𝐿 × 0.15 𝜆𝐿 placed inside 

the structure. This large sample size help increase the received 

Signal-to-Noise Ratio (SNR). The signal collector is designed 

to capture two orthogonal polarizations from 1 to 50 GHz. 

Signals from each port are amplified by two cascaded low-noise 

amplifiers (LNA) and are recorded individually by a spectrum 

analyzer. A Dicke switch is used in each path to calibrate the 

measured data to a constant noise source. One of the 

This work was supported by the U.S. Defense Advanced Research Projects 

Agency (DARPA). 

Wideband Near-Zone Radiative System for 

Exploring the Existence of Electromagnetic 

Emission from Biological Samples 

S. Mohammad Amjadi, Member, IEEE, Menglou Rao, Student Member, IEEE, and Kamal Sarabandi, 

Fellow, IEEE 

A 

Authorized licensed use limited to: University of Michigan Library. Downloaded on August 02,2020 at 18:44:55 UTC from IEEE Xplore.  Restrictions apply. 

mailto:smamjadi@umich.edu
mailto:saraband@umich.edu


0018-9456 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIM.2020.2994433, IEEE
Transactions on Instrumentation and Measurement

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

2 

applications of this system is for investigation on the existence 

of electromagnetic signaling between biological cells [12]. 

These biofilms are grown in a petri dish with an area of 

4.5 𝑐𝑚 × 4.5 𝑐𝑚. Thereby, the EM-shielded structure should 

be designed to not only accommodate the petri dish but also to 

generate a concentrated electric field over the region where the 

petri dish is placed. In Section II, the structure of the signal 

collector is presented.  The wideband radiometer system which 

is built based on the proposed near-zone radiative signal 

collector is described in Section III. To validate the sensitivity 

of the system, exemplary measurements on thermal radiation 

from water samples with slightly different temperature are 

conducted and presented in Section IV. Experiments with 

biological samples are currently in progress and the results will 

be reported in the future.   

 

II. WIDEBAND RADIATIVE SIGNAL COLLECTOR 

The wideband dual-polarized signal collector is shown in 

Fig.1. A quadruple-ridged horn structure backed by an absorber 

is used for EM shielding. The quadruple-ridged waveguide 

structure is chosen to increase the bandwidth towards lower 

frequencies through reducing the cutoff frequency of the 

dominant mode [13]. Terminating the aperture of the horn by 

the absorber has the advantages of isolating the sample from 

possible external interferences and of creating a resonance-free 

environment within the band of operation. Since the absorber 

acts as a semi-infinite half space, it ensures the surrounding lab 

environment does not influence the measurement without 

disturbing the input impedance and field distribution of the 

signal collector. The downside of using the absorber is that for 

isotropic distributed source, half of the power is dissipated in 

the absorber. The structure is probed by two high frequency 

coaxial lines. The back of the feed section is terminated by an 

optimized ridged cavity with a linear tapered ridge profile for 
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Fig. 1: The wideband dual-polarized signal collector. 
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Fig. 2: The quadruple-ridged cavity of the feed section. 

 

TABLE I 
OPTIMIZED VALUES OF THE STRUCTURE SHOWN IN FIG. 1 

Parameter 
Value 
(mm) 

Parameter 
Value 
(mm) 

  320   1.1 

      420   100 

𝑐 75   113 

   280   20 

  9.5   50 

  29   12 

   35    27 

   404 𝑤1 64 

ℎ 23.5 𝑤2 20 

       510   
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impedance matching as shown in Fig.2. The size and tapering 

of the ridges and the horn angle are optimized to achieve the 

maximum bandwidth and the desired field distribution. A 

combination of linear and exponential function is used to 

improve the impedance match bandwidth [14].  With reference 

to Fig.1, the profile of the ridge curvature is given by: 

 

   1 − 𝑚 (  +   0 −    
 −   

 
) +  (𝑐1𝑒

𝑅 𝑧−𝐿𝑖 + 𝑐2) 

                             (1) 

where  

𝑐1  
𝑎0−𝑎𝑖

 𝑅𝐿−1
 (2) 

𝑐2  
𝑎𝑖 

𝐿𝑅−𝑎0

 𝑅𝐿−1
 (3) 

and 𝑚  0.8,     2⁄  ,  0   2⁄ ,        −   , and 𝑅  
0.03. A dielectric cone is inserted in the middle to slow down 

the phase front of the wave in the center of the structure so that 

a uniform phase distribution over a very wide bandwidth can be 
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(d) 

 

Fig. 3 The fabricated dual-polarized signal collector. (a) the horn structure, 

(b) the feed section, (c) the ridges inside the horn, (d) the dielectric cone, 

and (e) the assembled structure. 
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(b) 

Fig. 4 The simulated and measured S-parameters of (a) hh-
polarization and (b) vv-polarization of the collector. 
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established at the base of the cone. The dielectric also assists 

with maintaining the field to be concentrated at the center all 

along the horn axis towards its opening where the sample is 

located. To correct for the phase difference between the waves 

traveling along the ridge and through the center of the horn, the 

dielectric constant of the cone can approximately be calculated 

from  

𝜀 ≈ (
𝑙𝑟𝑖𝑑𝑔𝑒

𝑙ℎ𝑜𝑟𝑛
)
2

 (4) 

The optimized values of the parameters are listed in Table. I. 

The horn structure is made from two parts. The top section (the 

aperture side) is fabricated by accurate CNC Aluminum  

machining and welding. The lower section (the feed side) is 3D 

printed out of AlSiMg. These sections are shown in Fig. 3(a) 

and 3(b) respectively. High frequency 2.4 𝑚𝑚 coaxial 

connectors are used for probing the signal from the collector. 

To assemble the coaxial probes, two holes are created in the 

walls of the feed section which extend through the ridges as 

depicted in Fig.2. A brass bolt with an axial through-hole is 

used to connect the cable to the feed section. The coaxial cable 

is passed through the hole in the bolt and the outer conductor of 

the cable is soldered to the bolt. The bolt is then screwed to the 

waveguide body and the inner conductor of the cable is inserted 

into a blind hole on the ridge on the opposite side and is fixed 

in place using silver epoxy. The vertical and horizontal probes 

are spaced by 1.5 𝑚𝑚 along the axis of the structure. The 

dielectric cone is fabricated from ECCOSTOCK® LoK material 

with 𝜀  1.7 by CNC machining. Two Styrofoam holders are 

used to keep the dielectric cone in place. The biological sample 

is sized to be able to sit on the upper Styrofoam at the base of 

the cone. The fabricated parts and the assembled structure are 

shown in Fig.3. The simulated S-parameters with and without 

the dielectric cone are illustrated in Fig.4 along with the 

measurement results. The presence of the dielectric cone does 

not significantly affect the input impedance of the signal 

collector. The measured reflection coefficients are less than 

−6.5 dB over the entire band, which translates to more than 

77.6% transmission of the energy from the sample to the 

system. The simulated field distribution at      (the base of 

the dielectric cone) with and without the dielectric cone at 

different frequencies are depicted in Fig.5 (a) and (b). Without 

the dielectric cone, the electric field diverges at the aperture,  
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Fig. 5 (a) Simulated field distribution with the dielectric cone at      

(the base of the dielectric cone) when the x-oriented probe is excited. 
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Fig. 6: The normalized measured field distribution at      (the base of 

the dielectric cone) using NeoScan measurement system.  
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Fig. 5(b) Simulated field distribution without the dielectric cone at      
when the x-oriented probe is excited. 
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whereas with the dielectric cone, the electric field is collimated 

at the base of the cone, where the radiating sample sits, at all 

frequencies. Below 4 GHz, a spike in the electric field is 

observed in the E-plane around the tip of the ridge. The size of 

the focusing area varies from 5 𝑐𝑚 × 5 𝑐𝑚 at low frequencies 

to 2 𝑐𝑚 × 2 𝑐𝑚 at high frequencies. The measured field 

distribution at      over an area of 8 𝑐𝑚 × 8 𝑐𝑚 using 

NeoScan field measurement system [15] is plotted in Fig.6. The 

NeoScan probe is an electro-optic field probe with a crystal 

optic tip attached to an optical fiber. The probe tip is of 

dimensions 1𝑚𝑚 × 1𝑚𝑚 × 1𝑚𝑚. The measurement is 

performed over an area of 80 𝑚𝑚 × 80𝑚𝑚 in xy-plane with a 

resolution of  3 𝑚𝑚 in both x and y directions. The measured 

field distribution validates the simulated ones. It should also be 

noted that the field concentration near the base of the cone is 

not very sensitive to the exact location. In fact, the electric fields 

remain concentrated within a few centimeters away from the 

base of the cone. This dual-polarized signal collector is used to 

build a radiometer system for detection of electromagnetic 

signaling within biological systems. 

 

III. WIDEBAND RADIOMETER SYSTEM 

The receiver attached to the signal collector is similar to that 

of a very broadband Dicke radiometer whose setup is shown in 

Fig. 7. The signal from each terminal of the collector is 

amplified by a broadband low-noise amplifier 

(RLNA00M50GA from RF-LAMBDA) and is recorded by a 

spectrum analyzer. Since the measurement can take up to 

several days, the gain of the amplifier may change over time. In 

order to eliminate the gain fluctuations of the amplifier, a SPDT 

switch (Mini-Circuits MSP2T-18XL+) is placed between the 

signal collector and the input of the amplifier. The other port of 

the switch is terminated with a 50 Ω matched load which serves 

as a constant (reference) noise source. The switch alternates 

between the signal collector and the matched load and the 

power measured from both cases are recorded. If the sweep time 

of the spectrum analyzer is short enough (in the order of 

millisecond), the gain of the amplifier is assumed constant 

during two consecutive sweeps. The gain variations of the 

amplifier can be eliminated by normalizing the power measured 

from the signal collector to that from the matched load.  

The total noise power delivered to the receiver is  

 𝑃 𝑦  𝑘 𝑇𝐴 + 𝑇     𝐺 (5) 

where k is Boltzmann’s constant, 𝑇𝐴 is the equivalent noise 

temperature of the signal collector,  𝑇    is the noise 

temperature of the receiver alone (excluding the signal 

collector) referred to the input of the collector, B is the 

bandwidth and G is the total gain of the receiver. The noise 

temperature of the receiver is related to its noise factor by 

 𝑇     𝐹   − 1 𝑇0 (6) 

in which 𝑇0 is the ambient temperature. The overall noise 

performance of the receiver is significantly affected by its first 

stage (i.e., the low noise amplifier (LNA) in our case). Fig. 8 

shows the noise figure of the system with one and two LNAs in 

each receiving patch. With two amplifiers, the noise figure is 

only 2.5 dB at 10 GHz and remains below 7 dB from 1 to 40 

GHz.  

The measurement uncertainty (minimum detectable signal) 

of a superheterodyne receiver of bandwidth B and integration 

time constant 𝜏 is [16] 

 ∆𝑇  
𝑇𝐴+𝑇𝑟𝑒𝑐

√𝐵𝜏
 (7) 

In our case where a spectrum analyzer is used as the receiver, 

the bandwidth B is the resolution bandwidth (RBW), and the 

integration time is the reciprocal of the video bandwidth 

(VBW). Hence (7) can be rewritten as 

 ∆𝑇  
𝑇𝐴+𝑇𝑟𝑒𝑐

√
𝑅𝐵𝑊

𝑉𝐵𝑊

 (8) 

For the system with RBW  1 MHz and VBW   300 Hz, 

the sensitivity is plotted in Fig.9. The minimum detectable 

signal using one and two LNAs are −184 dBm/Hz and 

−180 dBm/Hz at 40 GHz respectively, which corresponds to 

the worst-case scenario. It should be noted that the system 

sensitivity can be improved by using amplifiers with lower 

noise figure and/or higher gain, reducing the video bandwidth, 

and increasing the resolution bandwidth. Furthermore, 

averaging 𝑁 traces can reduce the uncertainty by a factor of 

√𝑁𝑡 𝑎  . 

The expression for the uncertainty ∆𝑇 given by (8) does not 

consider the gain variations of the amplifiers. As described 

previously, the absolute power measured from the signal 

collector will be normalized to a reference noise source. Since 

these two measurements are independent, the uncertainty of the 

normalized value can be approximated as [17] 

 ∆𝑅  √(
𝑇𝐴+𝑇𝑟𝑒𝑐

𝑇𝑟𝑒𝑓+𝑇𝑟𝑒𝑐
′ )

2

[(
∆𝑇

𝑇𝐴+𝑇𝑟𝑒𝑐
)
2

+ (
∆𝑇′

𝑇𝑟𝑒𝑓+𝑇𝑟𝑒𝑐
′ )

2

] (9) 

 
 
Fig. 7: The wideband radiometer setup 
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where 𝑇   
′  and ∆𝑇′ are respectively the noise temperature of 

the receiver and the measurement uncertainty when the switch 

is connected to the matched load. If 𝑇𝐴  𝑇  𝑓  𝑇0 and 𝑇    

𝑇   
′ , (9) can be simplified to 

 ∆𝑅  √2
∆𝑇

𝐹𝑟𝑒𝑐𝑇0
 √

2𝑉𝐵𝑊

𝑅𝐵𝑊
 (10)  

 

IV. MEASUREMENT OF THERMAL RADIATION FROM WATER 

By now, although there are many hypotheses about 

purposeful electromagnetic wave signaling between biological 

cells in the literature [1]-[3], no experiments have proved the 

existence of such signals in the GHz frequency range. The goal 

of the presented system is to provide a tool to perform the 

necessary measurements and to explore the existence of 

electromagnetic emission from biological samples in GHz 

spectrum. To demonstrate the high sensitivity of the system, it 

is important to validate its performance using a known radiative 

source. We measured thermal radiation from 30 milliliter 

distilled water having different temperatures and estimated the 

sensitivity of our system. Fig. 10 shows the measurement setup. 

The water is contained in the same petri dish 

(Fisherbrand,100𝑚𝑚 × 100𝑚𝑚, Sterile, Polystyrene) used for 

growing biological samples. Amplifiers with better noise figure 

(LNF-LNR6 1223Z 6-20 GHz from LOW NOISE FACTORY) 

are used in this measurement. The resolution bandwidth and 

video bandwidth of the spectrum analyzer are 2 MHz and 100 

Hz, respectively. We first measured the water at room 

temperature (22℃) as the baseline and gradually increase the 

temperature of the water until our system can distinguish its 

thermal radiation from the baseline. The minimum detectable 

power can be estimated from the temperature difference 

between the two water samples. The thermal emission 

measurement exactly mimics the biological sample 

measurement: the water sample at room temperature is 

equivalent to the background medium measurement and the 

increased radiation from the heated water can be considered as 

the additional emission from the biological samples. Therefore, 

the minimum detectable power in this setup is the minimum 

power biological samples should generate for our system to be 

able to detect.  

The brightness temperature of  a water layer of thickness 𝑑 

for p (hh or vv) polarization measured at normal incidence is 

[18] 

 𝑇𝐵𝑤
𝑝

 
1− 

1− 2 −2𝜅𝑎𝑑
 1 −  𝑒−2𝜅𝑎  𝑇𝑤 +  1 −    𝑇𝑤 − 𝑇0 𝑒

−𝜅𝑎  

  (11) 

where 𝑇0 is the ambient temperature, 𝑇𝑤 is the physical 

temperature of the water, 𝜅𝑎 is the absorption coefficient of 

water, and   is the reflectivity at the boundary between the 

water and air at normal incidence and is given by 

   |
√𝜀𝑤−1

√𝜀𝑤+1
|
2

 (12) 

in which 𝜀𝑤 is the relative dielectric constant of water.  

The minimum detectable power per hertz for one polarization 

is approximately 

 𝑃𝑚   𝑘(𝑇𝐵𝑤1
𝑝

− 𝑇𝐵𝑤0
𝑝

)  𝑘∆𝑇𝐵𝑤
𝑝

 (13) 

The minimum detectable physical temperature difference 

∆𝑇𝐵𝑤
  for hh polarization is 13 ℃ above the baseline for a 3 mm 

water layer from 5-20 GHz. The calculated minimum detectable 

power as a function of frequency is plotted in Fig. 12. It is 

shown that the system can detect the change in background 

emission with a signal level as low as -191 dBm/Hz.  The 

measurement is repeated 10 times and the results at 5, 10 and 

15 GHz are shown in Fig. 11(b). Our system can consistently 

distinguish the thermal radiation from these two water samples 

even from a single measurement. If average is performed 

 
 

Fig. 8: The measured noise figure of the system. 

 

 
 

Fig. 9: The sensitivity of the spectrum analyzer-based radiometer when 

the RBW is 1 MHz and the VBW is 330 Hz. 

   
 (a) (b) 

Fig. 10 (a) The measurement setup and (b) the water sample 
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among all the measurements, the sensitivity of the system can 

be further improved as explained in Section III.  

This exemplary measurement proves that the system is 

capable of detecting extremely weak electromagnetic radiation 

and is suitable for the intended applications such as examining 

the existence of electromagnetic emission from biological 

samples.  

 

V. CONCLUSION 

A wideband near-zone radiative system with 1:50 bandwidth 

ratio and high sensitivity is designed and fabricated to 

investigate the possible existence of low-power 

electromagnetic emission from biological samples or other 

electromagnetic sources from 1 GHz to 50 GHz. The system is 

composed of a carefully-designed signal collector which can 

focus the field over an area where the Petri dish containing 

biological samples is placed, a Dicke switch, a matched load at 

constant temperature, high-gain low-noise amplifies, and a 

sensitive wideband spectrum analyzer.  It is shown that the 

system can detect the change in background emission with a 

signal level as low as -191 dBm/Hz. The system proves to be 

capable of measuring extremely weak signals, therefore it 

provides a possibility to perform the necessary measurements 

of biological samples. Our team is currently conducting 

experiments on different biological samples and the results will 

be reported in the future.  
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Fig. 11 Calculated minimum detectable power as a function of frequency 
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Fig. 12 Measured normalized power of water samples at 5, 10 and 15 GHz 
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