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ABSTRACT 
The author summarizes development of uncooled microbolometer terahertz (THz) focal plane arrays (FPAs) and 

real-time cameras for sub-THz and THz wave detection. The array formats are 320x240 and 640x480, and the cameras 

have several functions, such as lock-in imaging, external-trigger imaging, image processing (pixel binning and frame 

integration), beam profiling and so on. The FPAs themselves are sensitive to sub-THz, THz and infrared radiations. 

Active imaging systems based on the imagers are described. One of them is a real-time transmission-type THz 

microscope which contains a THz camera and a quantum cascade laser (QCL). The other one is an active sub-THz 

imaging system, where a transmission imaging mode and a reflection imaging mode can be switched with one-touch 

operation. Strong THz emitters, such as far-infrared gas lasers and QCLs, are strongly coherent and often produce 

interference fringes in an image. A method of reducing the interference fringes (beam homogenizing) is described. 

Microbolometer FPAs developed by other groups, antenna-coupled CMOS FPA, array detectors based on GaAs 

high-mobility heterostructure and so on are also summarized, which operate in real-time and at room temperature. A fair 

method of evaluating performance of detectors with different sizes and at different wavelengths is explained and the 

performances of the detectors are compared. 
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1. INTRODUCTION 

Terahertz (THz) spectral region, which is also called far-infrared and/or sub-millimeter wave (sub-MMW) region, 

ranges from 0.1 to 10 THz. THz region has been unexplored for long time, except for astronomy, mainly due to strong 

water-vapor absorption in the terrestrial atmosphere, and lack of easy-to-use detectors and emitters. 

The calculated atmospheric transmission curves [1] indicate that THz technology is suitable for short standoff-range 

applications, e.g., < ca. 1 m above 1THz, > ca. 10 m below 1 THz. Since most of plastics, papers and clothes are 

transparent in THz region [2],[3], non-destructive inspection (NDI) is a promising application filed in industry, aerospace 

and military. A large number of papers have been published on THz time-domain spectroscopy (TDS). THz-TDS 

instruments are commercially available and used for inspecting depth profiles of tablet coating [4], depth profile of 
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coating on a metal [5], delamination of radome [5], rust under opaque anticorrosion paint [6] and so on. In order to obtain 

two-dimensional or three-dimensional images with THz-TDS instrument which employs single-element detector, 

scanning is indispensable so that the image acquisition time becomes long. To solve this issue, real-time THz imaging 

over large area is requisite for many NDI applications as well as security applications, e.g., detection of concealed 

weapons, explosives and so on. 

Main components of the real-time THz imaging instrument are THz camera, THz emitter, beam homogenizer, THz 

optics, software for analyzing images (e.g., algorithm for detecting foreign materials). The main requisites for the 

instrument are compactness and price. Room temperature operation is also important to achieve cheap price. THz 

cameras and THz emitters have been developed and/or produced at several companies, national institutes and universities. 

Some THz components are commercially available, for example, THz cameras from Ophir Optronics, NEC Corporation, 

INO (Institut National d’Optique), TeraSense and TicWave GmbH. Market for THz camera is, for the moment, almost 

limited to research and development of THz emitters. 

In this paper, real-time cameras and detectors for THz and MMW are reviewed, which operate at room temperature. 

The real-time THz or MMW camera usually contains a linear array or a two-dimensional array (focal plane array (FPA)). 

Microbolometer (MB) THz-FPAs which are based on infrared (IR) FPA technology, have been developed since 2005 [7-10]. 

One of these MB-THz-FPAs (array format: 320x240, pixel pitch: 23.5 μm) covers the spectral frequency range from ca. 

1 to 100 THz and is incorporated into the palm-size THz camera [11]. On the other hand, antenna-coupled CMOS 

(complimentary metal-oxide semiconductor) and BiCMOS (Bipolar CMOS) FPAs have been developed for detecting 

sub-THz radiation [12-16] and one of them (array format: 32x32, pixel pitch: 80 μm) is incorporated into a small THz 

camera which is sensitive to the spectral frequency range from 0.3 to 1.3 THz [17]. The III-V compound semiconductor 

technology also provides antenna-coupled THz arrays and imagers [18-22] as well as W-band MMW detectors and imagers 
[23, 24]. For example, one of imagers incorporates 8-element linear array made of GaAs Schottky diodes which detect 

MMW at 250 GHz in a heterodyne mode [18, 19] and another imager incorporates THz-FPA made of GaAs high-mobility 

heterostructure (array format: 64x64, pixel pitch: 1.5 mm), which is sensitive to the spectral frequency range from 0.05 

to 0.7 THz [21,25]. 

The author describes development of uncooled MB-THz-FPAs, THz cameras which incorporate the MB-THz-FPAs, 

and active THz imaging systems. A couple of functions for the cameras are also explained, such as external-trigger 

imaging function and lock-in imaging function. The performances of MB-THz-FPAs are compared with those of other 

FPAs and detectors mentioned above. Finally, technology trend in THz and MMW emitters is briefly mentioned. 

 

2. DEVELOPMENT OF UNCOOLED MICROBOLOMETER THZ FOCAL PLANE ARRAYS 
MB-THz-FPAs and THz cameras have been developed mainly at LETI (Laboratoire d'électronique des technologies 

de l'information), INO, NEC Corporation. The development overviews of MB-THz-FPAs at LETI and INO are described 

in Simoens, F. et al.[26] and Dufour, D. et al.[1], respectively. In this section, development at NEC Corporation is 

overviewed. 
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Figure 1 shows the overview of development of MB-THz-FPAs carried out at NEC. First column of Fig. 1 shows 

schematic pixel structure of uncooled MB-IRFPA. The array format is 320x240 and pixel pitch is 23.5 μm. A thermal 

detector, such as a microbolometer, needs to be thermally isolated from heat sink, in this case, silicon (Si) readout 

integrated circuit (ROIC), to increase sensitivity. A thermal isolation structure (TIS), i.e., a suspended microbridge 

structure, can satisfy this condition in that it prevents the heat collected by areas sensitive to radiation from escaping to 

the heat sink. The pixel is divided into two parts, Si ROIC in the lower part and suspended microbridge structure in the 

upper part. The microbridge has a two-storied structure. The 1st floor is composed of a diaphragm and two legs, while 

the eaves structure is formed on the diaphragm to increase the sensitive area, or fill factor. The diaphragm and the eaves 

absorb IR radiation. The diaphragm is supported by the two legs so that the 1st floor is separated by air gap from Si 

ROIC substrate (formation of TIS). Quantum cascade laser (QCL) with an emission line at 3.1 THz was illuminated to 

320x240 MB-IRFPA and minimum detectable power (MDP) per pixel was evaluated to be ca.250 pW [8]. The MDP is 

defined as the radiant power which produces a signal-to-noise ratio of unity in the output of a THz imager which uses a 

THz-FPA operating at a TV frame rate. The relation of the MDP (W) to noise-equivalent power (NEP; W/Hz0.5) is 

expressed by MDP=NEP/(2τint)0.5 in the case that white noise is dominant [27]. Here, τint is the integration time for the 

read-out electronics, presumably close to inverse of frame rate, and 1/(2τint) corresponds to the equivalent noise 

bandwidth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Development overview of MB-THz-FPAs at NEC Corporation 
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As the first improvement, THz absorption layer (thin metallic film) was added on the eaves and the diaphragm [8],[28]. 

The optical cavity was formed between the absorption layer and the reflection layer formed on the Si ROIC. The sheet 

resistance of the absorption layer was optimized for 3 THz detection (ca.30-100 Ohm). The MDP value was improved by 

a factor of ca. 6. Furthermore, the two-folded leg was modified to the four-folded leg, so that the diaphragm was more 

thermally isolated. This modification improved MDP value by a factor of ca. 1.3 [29]. 

As the second improvement (the rightmost column), Si cover with anti-reflection coating was put at a certain distance 

(half a wavelength of interest) above the eaves and the optical cavity was formed between the Si cover and the THz 

absorption layer [29]. This structure improved MDP value by a factor of ca. 2. It can be seen in the figure (lower right 

corner) that signal level of QCL beam at a location “With Si cover” is much higher than that of the beam at another 

location “Without Si cover”. However, this structure was not adopted as a product because of longer manufacturing 

process and lower yield. Figure 2 summarizes wavelength dependence of MDP for MB-THz-FPAs [11]. 

Figure 3 shows the third improvement in the pixel structure, where a roof was added on the diaphragm. The 

improvement in MDP was marginal. 

 

 

 

 

 

 

 

 

 

 

Fig.2 Wavelength dependence of MDP for MB-THz-FPAs 

 

(a)                                        (b) 

 

 

 

 

 

 

 

Fig.3 The third improvement in the pixel structure for MB-THz-FPA 
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Figure 4(a) shows the fourth improvement in the pixel structure to make MDP value better in sub-THz region [30]. A 

thick SiN layer (ca. 7μm thick) and a layered electrical connection were inserted between the thick metallic layer and the 

air-gap, so that the geometrical optical-cavity length was made much longer by a factor of three than the previous one 

(Fig.3). According to the calculation [30], this modification can increase sensitivity in sub-THz region, and was applied to 

fabrication of both 320x240 and 640x480 MB-THz-FPAs. A SEM (scanning electron microscope) picture of a part of 

640x480 THz-FPA is shown in Fig.4 (b), and pictures of 640x480 and 320x240 chips are shown in Fig.4(c) and (d), 

respectively. Figure 4(e) summarizes spectral frequency dependences of MDP per pixel for MB-THz-FPAs. The MDP 

values for the fourth improvement are found better by a factor of ten in the sub-THz region than those for the third 

improvement [31]. 

 

(a)                                                     (b)  

 

 

 

 

 

 

 

 

 

 

(c)                          (d)               (e) 

 

 

 

 

 

 

 

 

Fig.4 (a) The fourth improvement in the pixel structure for MB-THz-FPA, (b) SEM picture of a part of a 640x480 

MB-THz-FPA, (c) A photograph of a 640x480 chip, (d) A photograph of a 320x240 chip, (e) Spectral frequency 

dependences of MDP per pixel for MB-THz-FPAs 
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3. THZ AND SUB-THz CAMERAS 
3.1 THz and sub-THz cameras 

MB-THz-FPAs mentioned above have been incorporated into a couple of THz cameras (see Fig.5). The THz camera 

(T0831) makes use of 320x240 MB-THz-FPA shown in Fig.3. It has a couple of functions, such as lock-in imaging, 

frame integration and pixel binning. The THz camera (T0832 shown in Fig.5(b)) makes use of 320x240 FPA shown in 

Fig.4(a) and is more sensitive to sub-THz wave than T0831 is. The 640x480 THz prototype camera was also developed 

(see Fig.5(c)) which contained 640x480 FPA shown in Fig.4(c). The THz camera (T0832) has the following new 

functions; external-trigger imaging function, beam profiling function and strip-chart-recorder function. The lock-in 

imaging function is also improved. 

Other THz and sub-THz cameras are also shown in Fig.6. INO developed 384x288 MB-THz-FPA with a pixel pitch 

of 35 μm [32,33]. A porous gold-black film is formed on each pixel. Its thickness and porosity is ca. 50 μm and ca. 98 %, 

respectively, so that the effective thickness of the gold-black film is ca. 1.0 μm. The INO’s camera shown in Fig.6(a) 

covers the spectral frequency range of 4.25-0.094THz. LETI developed antenna-coupled 320x240 MB-THz-FPA with a 

pixel pitch of 50 μm, which was incorporated into THz camera shown in Fig.6(b) [34,35]. For references, CMOS THz 

camera shown in Fig.6(c) was developed, which contained antenna-coupled 32x32 CMOS FPA (pixel pitch: 80 μm) and 

covered the spectral frequency range of 0.3-1.3 THz [12,17,36]. Sub-THz camera shown in Fig.6(d) was also developed, 

which contained 64x64 sub-THz FPA (pixel pitch: 1.5 mm) made of GaAs high-mobility heterostructure, and covered 

the spectral frequency range of 0.05-0.7 THz [25]. 

 

(a)                             (b)                              (c) 

 

 

Fig.5 THz cameras developed by NEC Corporation. (a) 320x240 THz camera (T0831), (b) 320x240 THz camera 

(T0832), (c) 640x480 THz prototype camera 

 

(a)                  (b)                     (c)                 (d) 

 

Fig.6 THz and sub-THz cameras developed by (a) INO (IRXCAM-THz-384) , (b) LETI, (c) TicWave (TicMOS-1px), (d) 

TeraSense (Tera-4096). With permissions of INO, LETI, TicWave GmbH and TeraSense. 

 
3.2 External-trigger imaging function 

The external-trigger imaging function makes use of slow thermal time constant of MB-THz-FPA which is formed on 

microbridge structure. The thermal time constant (τth) of the THz-FPA used in this work is ca. 19 msec [37], which is 

shorter than the frame time of 33 msec. The function of the external-trigger imaging was verified at 86 μm in wavelength 

for both 320x240 THz camera (T0832, Fig.5(b)) and 640x480 THz camera (Fig.5(c)) in combination with a pulsed THz 
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free electron laser (THz-FEL) [38]. As to the 640x480 camera, Oda, N. et al. [39] describes the experimental results which 

verify correct operation of the external-trigger imaging function. 

Figure 7(a) shows a schematic experimental configuration of pulses for the THz camera and the THz-FEL. A 

brightening pulse is applied to the THz-FEL, while a trigger pulse for the THz imager is generated by a pulse generator 

which can shift the brightening pulse by a certain amount of time interval (ta shown in Fig.7 (b)). Figure 7(b) shows the

relation of the trigger pulse for the THz imager to the brightening pulse for the THz-FEL. The repetition rate of the 

brightening pulse (trep) is chosen out of 2.5, 3.3, 5.0 and 10 pulses per second (pps). The trigger pulse initiates electronic 

scan of the THz-FPA in the THz camera. After the electronic scan is over (frame time: tfr =33 msec for the 640x480 

camera, 16.7 msec for the 320x240 camera), one frame data is recorded and the THz-FPA returns to the waiting mode for 

the next trigger pulse coming in. In Fig.7(b), the trigger pulse TP1 initiates electronic scan of the THz-FPA in the camera. 

In the case of ta<<td, the pulsed THz emission ① is detected. In the case of ta>>τth and tfr>td, the signal of THz-FPA for 

the pulsed THz emission ① almost decays, so that the pulsed THz emission ② is detected. 

Figure 8(a) shows four beam patterns out of a series of ca. 110 THz pulses from THz-FEL (repetition rate: 5.0 pps, 

trep=200 msec) obtained with the 320x240 THz camera in the external-trigger imaging mode, where the parameter of ta=0 

msec was set. The figure also shows time variation of peak signals for the THz pulses. During the measurements, the

energies of the THz pulses were simultaneously measured with Joule meter, so that the normalized output signal of the 

THz camera was calculated in a unit of digits/μJ. The same experiments were made at the other repetition rates, so that 

the data plots shown in Fig.8(b) are obtained. The figure shows the consistency of the data in the repetition-rate range 

from 2.5 to 10 pps, considering the error bars. These experimental results verify that the function of the external-trigger 

imaging operates correctly for the 320x240 THz camera. The details are described in a paper presented at conference 

number 9856 [40]. 

(a)  (b) 

Fig.7 (a) A schematic experimental configuration of pulses for THz camera and THz-FEL, (b) Relation of the trigger

pulse for the THz camera to the brightening pulse for the THz-FEL. tfr: frame time, ta + td =trep.

(a)    (b) 

Fig.8 (a) Time variation of peak signals for a series of ca. 110 pulses from THz-FEL (repetition rate: 5pps), (b) Relation 
of the normalized output signal to the repetition rate of THz-FEL
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3.3 Lock-in imaging function
Lock-in imaging function was developed to increase signal-to-noise ratio (SNR) [29]. Sync signal from THz camera 

generated rectangular waves at such frequencies as 15, 7.5, 3.75 and 1.875 Hz (see Fig.9(a)), while QCL was driven in 

pulsed operation mode with a repetition frequency of 900 Hz and a pulse width of 300 ns. The pulses were applied to 

QCL only for the high level of the rectangular wave. THz image, i.e., “OFF image” taken during “QCL OFF” phase was 

subtracted from THz image, i.e., “ON image” taken during “QCL ON” phase. This function was evaluated by making 

QCL power very weak. It is found in Fig.9(b) that the lock-in imaging function increases SNR as a function of square 

root of the number of frame-integration, while frame integration without lock-in function does not so much increase SNR 

as expectation, because low frequency noise is predominant in microbolometer FPAs. 

(a)  (b) 

Fig.9 (a) Concept of lock-in imaging function, (b) Relation of relative SNR values to the number of frame-integration, 

4. ACTIVE THZ IMAGING SYSTEMS
4.1 Real-Time Transmission-type Terahertz Microscope 

Fig.10 The transmission-type THz microscope 
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Figure 10 shows a picture of a transmission-type THz microscope. The microscope consists of THz emitter, 

illumination optics and THz camera. Easy QCL (LongWave Photonics LLC) is used as THz emitter. Frequency of 

emission line from QCL is 2.83 THz. The details of the microscope are described in Oda, N. et al [41]. 

Figures 11(a) and (b) show THz images of tablet put into an envelope and metallic clip put under flours, respectively. 

Tablet and clip are clearly seen. Figures 12(a) shows THz image of two sheets of 125 μm thick PVDF (Polyvinylidene 

difluoride) membranes prior to flowing ethanol and water. Figure 12(b) shows THz image of the PVDF membranes 

during flowing ethanol (upper) and water (lower). It is seen that ethanol is more transparent than water. 

 

(a)                                              (b) 

 

 

 

Fig.11 (a) THz image of tablet put into an envelope (left) and visible picture of tablet (right), (b) THz image of metallic 

clip put under flours (left) and visible picture of sample (right) 

 

(a)                                         (b) 

 

 

 

Fig.12 (a) THz image prior to flowing ethanol and water, (b) THz image during flowing ethanol and water. 

 

4.2 Beam homogenizer 
Strong THz emitters, such as QCLs and Far infrared gas lasers, are strongly coherent and often produce interference 

fringes in images (e.g., see Fig.12). It is, therefore, indispensable to add beam homogenizing function to imaging system, 

so called, beam homogenizer. The details are described by Oda, N. et al [42]. The experimental setup shown in Fig.13(a) 

was assembled to investigate the fringe patterns. A THz emission line from a QCL emitter (emission frequency: 4.3 THz) 

illuminates an imaging area through a collimator lens and dual-axis Galvano mirrors. The Galvano mirrors wobble the 

THz collimated beam in horizontal and vertical directions in order to homogenize the beam. 

When the Galvano mirrors are still (no-wobbling mode), interference fringes are observed (see Fig.13(b)). The figure 

shows an image of two wires (ca. 300 μm in diameter) and a human hair (ca. 70 μm in diameter). When the Galvano 

mirrors are operated (wobbling mode), the interference fringes almost disappear (see Fig.13(c)). These experimental 

results show the importance of beam homogenizing function in THz imaging system which often incorporates a strong 

coherent THz emitter. 
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(a)                                     (b)                           (c) 

 

 

 

 

 

 

 

Fig. 13 (a) Schematic experimental setup for investigating interference fringe patterns generated by QCL, (b) THz image 

of sample without wobbling, (c) THz image of sample with wobbling 

 

4.3 Large-area transmission and reflection imaging system with 640x480 pixel THz cameras 
Figure 14 shows a large-area transmission and reflection imaging system. The details of the imaging system are 

described by Oda, N. et al. [30] and Ishi, T. et al. [43]. It consists of a linearly polarized THz emitter (frequency: ca.480 

GHz, output power: ca.8mW), dual-axis Galvano mirrors acting as a beam homogenizer, a collimator lens, two wire-grid 

polarizers (WG1, WG2), a quarter-wave (QW) plate and two 640x480 THz cameras. The beam from the emitter is 

wobbled with the Galvano mirrors to remove interference fringes. The 480 GHz emitter has a function of a frequency 

modulation with a band-width of 2 GHz, which partly helps beam homogenizing. The beam from the Galvano mirrors is 

expanded by the collimated lens and the WG1 transmits the expanded beam. The WG2 reflects the beam which enters a 

sample, and the transmission image of the sample is obtained with the THz camera #1. In this case, the QW plate is 

moved out of optical path. 

When the reflection image of the sample is taken, the QW plate is inserted in front of the sample and the expanded 

beam enters the QW plate. The plate transmits the beam which is reflected back to the QW plate by the sample. Thus two 

passes through the QW plate rotate the direction of the linear polarization by 90 degrees and the WG2 transmits the beam 

which is detected with the THz camera #2. Thus, a reflection image is obtained. 

The cameras with the THz lenses, the wire-grid polarizers and the QW plate can be moved by using a stepping motor. 

This movement enables to acquire a large area THz image. The software controls the sequence of taking pictures and 

movement. The system is equipped with a visible camera so that an operator can know which part of the sample is 

imaged. 

The overall efficiencies of transmission and reflection imaging are 43 % and 27 %, respectively, for the optical paths 

from the THz emitter to the surfaces of MB-THz-FPAs. Figure 14(b) shows the picture of the imaging system. Table 1 

summarizes specifications of the imaging system. 

Figures 15(a), (b) and (c) show a visible picture of a ceramic knife (blade length: ca.23cm) put into a cardboard 
envelope, a 480 GHz transmission image and a 480 GHz reflection image, respectively. The imaging equipment has the 
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feature that transmission image and reflection image of a sample are obtained by moving only the QW plate, and the 

reflection image is taken along the direction normal to the sample surface so that the image is not deformed. 

 

(a)                                                       (b) 

 

 

 

 

 

 

 

 

 

Fig.14 (a) Schematic diagram of the transmission and reflection imaging system, (b) the picture of the imaging system 

 

 

 

Table 1 Specifications of the imaging system 

Imaging frequency ca. 480 GHz 

Emitter power ca. 8 mW 

Lens magnification ca. 0.25 

Field of view of the THz camera ca. 60 x 45 mm 

Scan length 210 mm (max.) 

Camera frame rate 30 Hz 

Size (excluding control rack and 

computer display) 

ca. 83W x 60D x 82H cm 

                                             

Fig.15 (a) Visible picture of a ceramic knife put into an envelope, (b) THz transmission image, (c) THz reflection image 

 

5. COMPARISON OF PERFORMANCES FOR DIFFERENT DETECTORS 

In this section, the MDP values per pixel for the MB-THz-FPAs [26,31,32,34] are compared with those of other THz 

detectors, such as antenna-coupled CMOS-THz-FPAs [12,13,15,16,36,44] and antenna-coupled detectors based on III-V 

compound semiconductor technologies [18-20,22-24]. Table 2 summarizes the parameters of these THz detectors. The MDP 

values for some detectors out of these detectors are estimated by Oda, N. et al [30]. Figure 16(a) shows spectral frequency 
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dependences of the MDP values per pixel for these detectors. Above 1 THz, there is no good detector other than the 

MB-THz-FPAs. Simoens, F. et al [26] analyses the performance of their MB-THz-FPA and indicates that there is still a 

room for improvement to reach better MDP value of ca. 10 pW at 2.5 THz. In the spectral frequency range of ca. 0.3-1 

THz region, the MB-THz-FPA developed at INO is more sensitive than the uncooled CMOS-THz-FPAs. Below 0.3 THz, 

the detectors made of III-V compound semiconductor are more sensitive than the MB-THz-FPAs and CMOS-THz-FPAs. 

Besides the detectors listed in Table 2, Ophir Optronics’ product, Pyrocam IV [45], incorporates 320x320 pyroelectric 

FPA (pixel pitch: 80 μm) which covers the wide spectral-frequency range from 0.1 to 283 THz. The MDP value per pixel 

is 64 nW at frame rate of 25 Hz. Cox, J. A. et al. [46] developed the spiral-antenna coupled thermo-electric (TE) devices 

(1x8 elements) which were sensitive to the spectral-frequency range from 0.2 to 2 THz. Realization of the 

antenna-coupled TE-FPA operating at frame rate of 30 Hz may bring the MDP value of ca. 60 pW, using the measured 

NEP value of 16 pW/Hz0.5. 

 

Table 2 Summary of the parameters for the THz detectors 
References Spectral frequencies Detector formats Pixel pitches 

NEC (MB, the fourth improvement) [31] 485, 500, 624 GHz 
2.51, 4.28 THz 320x240 23.5 μm 

LETI (MB) [26,34] 1.7, 2.4 THz 320x240 50 μm 
INO (MB) [32] 290, 450 GHz 

1.39, 2.5, 4.25 THz 384x288 35 μm 

LETI (CMOS) [26] 270, 600 GHz 31x31 240 μm 
Wuppertal Univ. (CMOS) [12,36] 856 GHz 32x32 80 μm 
Goethe Univ. (CMOS) [13,44] 600 GHz 24x24 195 μm 
Tower Jazz (SiGe BiCMOS) [15] 315 GHz 4x4 ca. 520 μm 
Univ. Florida (CMOS) [16] 280 GHz 

860 GHz 
4x4 

Single element detector 
500 μm 
83 μm 

Traycer Systems Inc. (III-V) [20] 620 - 875 GHz 80x64 100 μm 
Digital Barriers plc. (III-V) [18,19] 250 GHz 1x8 Not available 
Virginia Diodes, Inc. (III-V) [22] 150, 900 GHz Single element detector Not available 
HRL Laboratories, LLC (III-V) [23] 90 GHz Single element detector Not available
Trex Enterprises Corp. (III-V) [24] 84.5 GHz 1x64 Not available

 

The MB-THz-FPAs mentioned in this paper have highly-subwavelength pixel size. It is, therefore, important to 

propose a fair method for evaluating performances of detectors with different sizes and at different wavelengths. 

Normalization of MDP values to the diffraction-limited performance may be one method, which is explained as follows; 

the number of pixels (N) located within the FWHM (Full width at half maximum) area of the Airy disk on the focal plane 

is expressed by the Eq. (1). 

 

                                       (1) 

 

Here, F is an optics F-number, p is a pixel pitch and λ is a wavelength. Dividing the MDP values plotted in Fig. 16(a) by 
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N0.5 provides the MDP values normalized to the diffraction-limited performance. For the normalization purpose, the 

F-number is set to 0.886 in this paper, which corresponds to 4F2/π=1. Figure 16(b) shows frequency dependences of the 

MDP values normalized to the diffraction-limited performance. Generally speaking, the normalized MDP values are 

better than the MDP values plotted in Fig.16(a). As to the MB-THz-FPAs, the normalized MDP values can be achieved 

with signal processing, such as pixel binning. 

 

 (a) 

    

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.16 (a) Spectral frequency dependences of the MDP values per pixel for the detectors listed in table 2, (b) spectral 

frequency dependences of the normalized MDP values per pixel for the detectors. 
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6. QUICK LOOK OF THZ AND MMW EMITTERS 
Technology trend in compact and strong emitters of THz and MMW waves is briefly overviewed. DARPA has 

promoted several programs to develop these emitters. Figure 17 shows spectral frequency dependences of output powers 

from these emitters. The figure includes the results of DARPA’s programs [5], the goal of Japanese program (MIC: 

Ministry of Internal Affairs and Communications) [47] and data for the products [43,48-50]. Below 1 THz, output powers 

from traveling wave tube (TWT) are much stronger than Si-based emitter and amplifier multiplier chain (AMC). In the 

spectral frequency range from 1.9 to 4.9 THz, QCL can emit time-average power of 5-20 mW. Combination of THz 

cameras with TWT or QCL may be a good choice to realize compact real-time imaging systems for applications 

mentioned in the introduction of this paper. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.17 Spectral frequency dependences of output powers emitted by THz and MMW sources, where filled symbols show 

experimental results and/or performances described in product catalogues, while open symbol shows program goal 

(TWT: Traveling Wave Tube, QCL: Quantum Cascade Laser, AMC: Amplifier Multiplier Chain, MIC: Ministry of 

Internal Affairs and Communications, NETS: NEC Network and Sensor Systems,Ltd., LWP: LongWave Photonics LLC, 

VDI: Virginia Diodes Inc., HiFIVE: High Frequency Integrated Vacuum Electronics, ELASTx: Efficient Linearized 

All-Silicon Transmitter ICs) 

 

7. SUMMARY AND ISSUES 
The author summarizes development of uncooled MB-THz-FPAs and real-time cameras for sub-THz and THz wave 

detection. Active imaging systems based on the cameras are described. One of them is a real-time transmission-type THz 

microscope which contains a THz camera and a QCL. The other one is an active sub-THz imaging system where a 

transmission imaging mode and a reflection imaging mode can be switched with one-touch operation of QW plate. The 

performances of MB-THz-FPAs, antenna-coupled CMOS-THz-FPAs and so on, which operate at room temperature and 

at TV frame rate, are also summarized and compared. Technology trend in THz and MMW emitters is briefly mentioned. 
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There are a couple of issues left for MB-THz-FPA. As pointed out by Simoens, F. et al. [26], the MDP value of ca. 10 

pW can be achieved at 2.5 THz, which means that there is still a room for improvement in sensitivity by a factor of three. 

Nemoto, N. et al. [51] recently made measurements of polarization-dependent sensitivities of THz cameras at several 

spectral frequencies (0.8 to 1.9 THz). These cameras incorporate 320x240 MB-THz-FPAs (pixel pitch: 23.5 μm) and the 

degree of polarization is observed. Ideas for eliminating polarization-dependent sensitivity are proposed, which are 

composed of two patent applications and a publication of patent application [52]. Elimination of polarization-dependent 

sensitivity makes THz camera easier-to-use. 
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