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Abstract 

 
 We discuss development of an imaging array antenna for submillimeter detecting with TES-sensors in radio 
astronomy. The array is for the frequency range 200-300 GHz aiming in the future shorter waves (down to 30 micron). 
Two variants of the multi-beam array are analyzed: a single-chip planar array in a focal plane of a common immersion 
silicon lens and an array of multiple lens-antennas. We compare these two cases in terms of under-sampling factor, 
tolerance analysis and conclude on limiting factors of these two imaging configurations. It is demonstrated that growth 
of factor of four in sampling efficiency is possible for the single lens array antenna. 
 

1. Introduction 
 
 To realize the ultimate sensitivity of a TES bolometer, both the volume of the absorber and the ambient 
temperature should be reduced. To concentrate the millimeter wave radiation at the submicron-size bolometer, an 
integrated lens antenna can be used. In this case a chip with the TES bolometer coupled into a planar antenna (e.g. 
double-slot antenna) should be placed into a focus of immersion silicon lens [1-3]. The shape of the lens could be 
chosen, somewhat similar to a choice of a curvature of an ellipsoidal mirror, to produce required beam profile. The 
extended hemispherical lens is often the design-of-choice due to its manufacturing simplicity. In the [1] the concept of a 
TES bolometer imaging array is described and the new read-out technique for imaging arrays is suggested; it assumes 
double polarized antennas, since the image rotation is necessary. The first stage of the project [1] aims to demonstrate at 
least 3 by 3 pixel imaging array based on the antenna-coupled TES-detectors.  
 
 This focal plane architecture is very close to the conventional feed-horn-coupled focal plane array, which is the 
most prevalent design yet. Both the aberration level and the number of elements in such system depend mainly on the 
design of the telescope. As shown in [4], the feed-horn provides the best possible sensitivity for observations of a 
known point source. In the case of the lens-antenna the beam is determined by the diffraction size of the image in the 
focal plane of the telescope and approximately equals to 2Fλ (where F – is the efficient focal ratio of the instrument), by 
analogy with the feed-horns. This equation is derived from the feedhorn to telescope’s sub-reflector coupling criteria for 
the best sensitivity. The minimum aperture size of feed-horn is attained for the case of close to uniform phase aperture 
field distribution. The uniform phase distribution is produced by the ellipsoidal lens with the eccentricity equals to 1/n 
(where n – refractive index of dielectric lens material) or synthesized ellipsoidal lens (extended hemispherical 
approximation). It is shown in [4] that, due to the Nyquist sampling interval equals to 0.5Fλ for 2Fλ-horns, at least 16 
pointings (exposures) are required. 
 

2. Design Concept and Description of Method 
 
 Two variants of an integrated lens antenna for millimeter and submillimeter-wave array receiver are considered. 
One of the variants consists of an array of multiple integrated lens antennas; each single detector is using the individual 
immersion lens. For the second case, we consider a single-chip planar array placed into a focal plane of a single, 
relatively large, immersion silicon lens. The practicable concept of a single-chip planar array lens antenna is suggested 
recently [1]. The advantage of such design is simplicity of a system. The relative disadvantage of the design is necessity 
to employ additional optics to couple the single-lens planar array antenna with the telescope.  
 



 Tolerance analysis [5] shows that extended hemispherical lens in the elliptical regime of focusing is more stable 
in case of unavoidable uncertainties in the manufacturing process, also in case of lateral shift of planar feed (chip 
antenna) along the flat surface (perpendicular to the optical axis) of the lens. So this type of lens allows for the largest 
possible number of elements in the planar array. The extension length Lext=0.39R (for silicon), where R – spherical 
surface radius, corresponds for a collimated diffraction-limited beam (i. e. elliptical regime of focusing). 
 
 The usual difficulty in simulation of an integrated lens antenna using finite-element simulators (e.g. HFSS) is the 
lack of RAM memory. That is why the beam pattern has been calculated using a technique of well-known Kirhoff-
Hugens’ diffraction integral calculated over the curved surface of the lens. The array of printed (thin-film lithography) 
double-slot antennas is used as the feed of the lens. The far-field beam of the antennas is calculated assuming a 
sinusoidal current distribution along the antenna vibrators. The refracting surface of a silicon lens was assumed laying 
in the far-field that is true for most practicable cases so far. The matching (anti-reflection) coating is virtually attached 
to the lens surface, so no effects of internal reflection are taken into account. The amplitude and phase patterns of a 
centered double-slot feed are shown in Fig. 1 being in a good agreement with [2, 3]. 
 
 We have confirmed with CST MWS software [6] that the beam quality (shape and efficiency) of the cross-slot 
antenna is generally the same as for the double-slot lens antenna; negligible difference was observed in sidelobe level 
and cross-polarization power. Below we consider the beam pattern of a double-slot lens-antenna assuming it is 
applicable to a cross-slot lens-antennas used in [1]. 

 
3. Results and Discussion 

 
 We define the distance between the neighboring pixels assuming their overlap at the first null. This makes the 
feeds separation of about 700 μm for the case of 20 mm diameter common lens. Full interaction of the neighboring 
pixels (the cross-talk) is analyzed in two steps. First, the beam overlapping in the far-field was estimated using beam of 
the central pixel from Fig. 1 as presented in Fig. 2. At the next step we analyzed the RF currents responsible for the 
cross-talk in the complete structure using EM-simulator [6]. The criterion of low interaction between the neighboring 
pixels is taken as the cross-talk level below -17 dB. 
 
 To determine the maximum number of elements in the array, we introduced the criteria of maximum aberration 
loss: -1.5 dB (for lens antenna) and -1.5 dB (for other telescope optical elements), i. e. -3 dB in total. The distortion of a 
beam pattern is described in terms of aperture efficiency. To calculate this efficiency we consider non-aberrational 
optical system placed between the telescope and the lens antenna and assume -10 dB edge-taper at the subreflector of a 
Cassegrain-type telescope. We found that a 25-element array (5 by 5) can satisfy such criteria within band 200-
300 GHz, if 20-mm diameter lens is used (see Fig. 3). The aberration of four corner pixels is a bit higher (see Table 1). 
 
 Using linear interpolation we estimated the required minimum size of such lens for larger arrays and at higher 
frequencies (see Table 2). Since only moderate size lenses (up to about 50 mm) are feasible to produce and cool down 
to milli-kelvin temperatures (typical work temperature of TES bolometer is about 0.3 K), the suggested concept is 
suitable only for small size arrays (no more than 50 by 50 pixels) at 1 THz frequency. 
 
 The cross double-slot feed array is designed to satisfy neighboring pixel beams overlapping criteria: intersect at 
the first nulls. For this case full telescope system sampling interval is close to the case of 2Fλ multiple lens array. 
However, the linear size of a pixel (l=335µm) is two times smaller than the period of the array (Δ=700μm). That’s why 
there is an opportunity to decrease array period and therefore reduce the sampling interval. AWR MWO [7] simulations 
shows -13 dB cross-talk between neighboring pixels for Δ=380μm. This more compact focal plane architecture can 
provide higher mapping rate than for a multiple lens array (by factor up to 4) with approximately same sensitivity and 
moderate contrast (-13 dB) between the neighboring pixels. 

 
4. Conclusion 

 
 We have analyzed the single immersion lens focal plane architecture for a TES imaging array centered at 
250 GHz using the following parameters: lens diameter 20 mm, slot-antenna length, l = 335 µm, distance between two 
slots, d = 190 µm, array period, 700 μm, beam overlap below -10 dB for any two pixels. We confirm that the cross-talk 
between the elements of such array is negligible small, and moderate aberration loss can be achieved for the size of the 
array 5 by 5 elements. In spite the potential for a very large integration in a single lens array is not as good as for pixels 



with individual lenses, the packing of feeds within the single-lens array can be made more dense that result in 
essentially higher sampling rate (higher sampling efficiency) of a telescope system. 
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Fig. 1. Beam pattern of a double-slot lens antenna: (a) amplitude and (b) phase patterns in the principal section. The 
slots length l = 335 µm and distance d = 190 µm. 
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Fig. 2.  Beams overlap level on pixel separation distance. 
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Fig. 3.  Beam pattern of 5x5 array elements in two planes: E-plane and D-plane (diagonal plane). 



 
Table 1.  Parameters of 5x5 array with cross double-slot feeds centered at 250GHz (slot length, l=335µm, distance 

between slots, d=190µm) on 20mm-diameter extended hemispherical lens in elliptical regime of focusing 
(Lext=3.9 mm). 

 200 GHz 250 GHz 300 GHz 
Directivity, dBi (for center pixel) 31.4 33.2 34.7 

Aperture Efficiency (for center pixel) 63.6% 68.0% 66.1% 
Aperture Efficiency for pixel with coordinates (0, 1.4) 

(degradation relative to central pixel) 
54.7% 

(-0.65 dB) 
53.3% 

(-1.1 dB) 
49.5% 

(-1.3 dB) 
Aperture Efficiency for pixel with coordinates (0.7, 1.4) 

(degradation relative to central pixel) 
51.1% 

(-0.95 dB) 
49.3% 

(-1.4 dB) 
42.7% 

(-1.9 dB) 
Aperture Efficiency for pixel with coordinates (1.4, 1.4) 

(degradation relative to central pixel) 
42.1% 

(-1.8 dB) 
37.6% 

(-2.6 dB) 
30.4% 

(-3.4 dB) 
 

Table 2. Linear interpolation of minimum lens diameter for different array sizes and frequencies. 
 5×5 10×10 50×50 

f=250 GHz D=20 mm D=40 mm D=200 mm 
f=500 GHz D=10 mm D=20 mm D=100 mm 

f=1 THz D=50 mm D=10 mm D=50 mm 
f=2 THz D=2.5 mm D=5 mm D=25 mm 
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