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Abstract 

Thanks to the aggressive scaling of CMOS technology and promising applications 

of millimeter-wave (mm-wave) imaging, mm-wave imaging systems in CMOS 

have greatly evolved in recent years. Indeed, III-V compound semiconductor 

technologies are the desirable platforms for mm-wave imagers to achieve 

sufficient thermal sensitivity, typically on the order of 0.5 K, because of their 

superior noise figure and power gain at mm-wave frequencies compared to their 

silicon counterparts. Nevertheless, imaging systems implemented in CMOS 

demonstrate merits of low cost, high-level integration, and high yield, making 

CMOS technology more attractive for the implementation of multi-pixel imaging 

systems. This research explores CMOS integrated circuit design techniques for 

mm-wave imaging systems. 

In the first part of this research, two wideband mm-wave LNAs for mm-wave 

imaging applications are presented. One is a five-stage cascode LNA based on 

peak-gain distribution technique. By distributing peak gains of the first four stages 

at only two frequency points, the five-stage cascode LNA exhibits 3-dB 

bandwidth of 21.5 GHz with 16.7-dB power gain. The other is a three-stage 

cascode LNA based on a novel pole-converging technique for intra-stage 

bandwidth extension. Its bandwidth is significantly extended by the proposed 
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design technique without increasing power consumption and die size. The 

fabricated prototype exhibits 3-dB bandwidth of 30 GHz with power consumption 

of 27 mW. To the author’s best knowledge, this LNA achieves the widest 3-dB 

bandwidth among multi-stage mm-wave LNAs in CMOS technology. 

In the second part, a direct-detection Dicke receiver with a switchable dual-path 

LNA (SDP-LNA) is designed for mm-wave imaging systems. Pole-converging 

technique for intra-stage bandwidth extension is adopted in the design of the SDP-

LNA. Under a 1.8-V supply voltage, the SDP-LNA consumes 52.3 mW, and 

exhibits peak power gain of 26.8 dB, minimum NF of 6.4 dB, and 3-dB 

bandwidth of 25.5 GHz. Based on the SDP-LNA, a direct-detection Dicke 

receiver is implemented in a 65-nm CMOS technology. The prototype achieves 

noise-equivalent power (NEP) of 9.3 fW/Hz
0.5

 and radiometer resolution, ∆Tmin, 

of 0.65 K with power consumption of 52.6 mW. 

The last part presents an ultra-low-power and low-cost mm-wave imaging 

receiver in a 65-nm CMOS technology. Based on super-regenerative reception, a 

charge-accumulation super-regenerative receiver (CA-SRR) is proposed, which 

significantly improves receiver responsivity and sensitivity. Furthermore, a new 

power injection method is adopted without loading the LC-tank of super-

regenerative oscillator (SRO). The prototype achieves 2.8-fW/Hz
0.5

 NEP and 

0.21-K ∆Tmin with power consumption of 0.9 mW and core area of 0.02 mm
2
.  
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Chapter 1  

Introduction 

1.1 Millimeter-Wave Applications 

Millimeter-wave (mm-wave) frequencies range from 30 GHz to 300 GHz with 

corresponding free space wavelength between 10 mm and 1 mm. Because of 

unique characteristics and promising applications, research in mm-wave 

integrated circuits has grown considerably in the last 15 years. Figure 1.1 

illustrates the worldwide publications related to mm-wave integrated circuits. 

Search results are obtained from the Scopus database using “millimeter-wave" 

and “integrated circuit" as keywords. 
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Figure 1.1  The number of mm-wave integrated circuit papers published in the past 

15 years. 

 2log (1 )C BW SNR     (1.1) 

Mm-wave systems provide much wider channel bandwidth and compact chip size 

compared to those implemented in low frequencies. Based on the Shannon’s 

Theorem, expressed as (1.1), channel capacity C, is proportional to channel 

bandwidth BW, and signal-to-noise ratio (SNR). Increasing BW will enhance the 

channel capacity or alleviate the requirement of SNR for a given specification of 

channel capacity or data rate. Thanks to ultra-wide bandwidth in mm-wave 

frequency band, extremely high data rate can be achieved in mm-wave 

communication systems [1], [2]. The size of passive components such as antenna, 
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inductor, and transmission line, is obviously reduced at mm-wave frequencies, 

making multi-antenna systems much more compact. In addition, the resolution of 

radar and imaging systems is also enhanced, which is proportional to carrier 

frequency and bandwidth. Furthermore, mm-waves exhibit great propagation 

advantages, which result from the characters of atmospheric attenuation over the 

mm-wave frequency band due to the resonant absorption from atmospheric 

constituents, as shown in Figure 1.2. This phenomenon of atmospheric attenuation 

is called “atmospheric windows” [3]. 

 

Figure 1.2  Attenuations of millimeter waves by atmospheric gases, rain, and fog [3]. 
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Promising applications of mm-waves have attracted more and more attention from 

the military and consumer. First of all, wireless uncompressed HD-video 

streaming known as the last-inch application lays in an unlicensed spectrum, 57-

64 GHz [2], [4]. Because the attenuation in this band is extremely high, it is very 

suitable for short-range and high-data-rate communications with less interference 

with other nearby 60-GHz networks, which results in more users in one particular 

scene and the improvement of frequency reuse. Furthermore, mm-wave cellular 

wireless networks with wide bandwidth have tremendous potential to provide 

huge capacity and data rates for cellular communications, which may be adopted 

by next-generation cellular systems in the future [1]. The second one is ultra-high 

capacity point-to-point communications in the licensed E-band (71-76 GHz and 

81-86 GHz) known as the last-mile application [5], [6], which is used for inter-

building communications. The third brand of applications is targeted at 

automotive industry, such as long range radar in 76-77 GHz used for anti-crash 

and short range radar in 77-81 GHz used for lane change assistant [7], [8]. The 

forth one is mm-wave imaging and sensing applications at 94 GHz and above 100 

GHz [9], [10]. Because of the atmospheric windows located at 35, 94, 140, and 

220 GHz, the mm-waves at these frequencies exhibit low atmospheric attenuation 

and good penetrability. The potential applications of mm-wave circuits and 

systems are summarized in Table 1-1. 
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Table 1-1  Potential applications of mm-wave circuits and systems. 

High-speed Communication Radar Application Imaging and Sensing 

Wireless: 

Wireless local area network 

(57-64 GHz) 

Wireless backhaul 

Point-to-point communication 

(E-band: 71-76,81-86 GHz) 

Inter-chip wireless connection 

Inter-satellite communication 

Mm-wave cellular wireless 

networks 

Digital: 

Data switches (Mux/DeMux) 

Broadband ADCs 

Automotive: 

Long range radar 

Short range radar 

Road condition detection 

Space: 

Airplane navigation 

Aircraft landing aids 

Industrial: 

Distance measurement 

Building damage detection 

Spectrometer 

Motion detection 

Security: 

Search and rescue 

Drug and explosive detection 

Surveillance and targeting 

Sensing: 

Earth sensing 

Radio astronomy 

Spectroscopy 

Bio-imaging: 

Medical imaging 

Tumor recognition 

Genetic screening 

 

 

In the field of mm-wave imaging, the development is greatly driven by its 

promising applications, such as concealed weapons and explosives detection, 

surveillance and precision targeting for military imaging, all-weather visibility for 

airplane navigation, and non-intrusive imaging for medical applications [3]. Mm-

wave imaging systems are classified into two categories, passive mm-wave 

(PMMW) imaging and active mm-wave (AMMW) imaging. PMMW imaging 

systems form images by detecting the naturally occurring mm-wave radiation 

from a scene without high-power source to illuminate and making use of the 

black-body radiation, as demonstrated in Figure 1.3. The black body radiation has 
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a specific spectrum and intensity that depends on temperature and emissivity of 

the body. PMMW imaging system is much like an infrared camera; however, 

infrared wavelengths are too short to pass through obstacles such as clothing, 

smoke, and fog. Because the cold sky acts as a powerful illuminative source to 

enhance image contrast, PMMW imaging is very suitable for outdoor stand-off 

detection. However, AMMW imaging system needs a high-power source for 

illumination working at the corresponding frequency to obtain better contrast or 

higher SNR, and receives reflected signal for imaging, which is similar to the 

concept of radars. Unlike X-ray systems with harmful ionizing radiation, AMMW 

imaging systems do not present any health issues to persons under inspection or 

operators, because radiations from mm-wave illuminative source are non-ionizing. 

Furthermore, compared to microwave imaging, mm-wave imaging demonstrates 

advantages of smaller chip size and higher resolution. 

Object 

In Scene

MM-Wave

Radiation

Focal Plane 

Array (FPA)

Image 

Display

Obscurant 

(fog, smoke, clothing, ...)

Focusing 

Optics

 

Figure 1.3  Cartoon demonstration of PMMW imaging system. 
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1.2 CMOS Technology to Address MM-Wave Solutions 

Traditionally, III-V compound semiconductor technologies are the preferred 

platforms to implement mm-wave circuits and systems. Compared to CMOS 

technology, III-V technologies, such as GaAs MESFETs, pHEMT, InP HEMT, 

GaAs mHEMT, GaAs HBT, and InP HBT, have superior noise and power gain 

performance at high frequencies. Nevertheless, the fabrication cost of III-V 

technologies is quite high, while manufacturing yield is relatively low. Besides, 

systems implemented in III-V compound semiconductor usually use module-

based level of integration with multi-chips. Due to incompatibility with 

mainstream integrated circuit technologies, it is impossible to integrate RF front-

end and IF/baseband on a single chip. 

Complementary metal-oxide silicon (CMOS) technology was invented in the 

1960s. For a long time, the silicon MOSFET has been considered as a slow and 

noisy device that is not suitable for RF applications. Thanks to the continuous 

scaling of CMOS technology, RF performance of the silicon MOSFET has been 

improved considerably during the late 1990s and early 2000s. Nowadays, the 

silicon MOSFET is widely used in radio frequency integrated circuit (RFIC) 

design. Most RFICs are about system-on-chip (SoC) solutions for cellular, 

Bluetooth, wireless local area network (WLAN), global position system (GPS), 
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wireless sensor network (WSN), and Internet of things (IoT) with requirements 

for low cost, small size and incorporation of significant digital circuitries. 
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Figure 1.4  The number of CMOS mm-wave integrated circuit papers published in 

the past 15 years. 

Recently, however, mm-wave CMOS integrated circuits have evolved greatly and 

entering the military and commercial market. The applications can be divided into 

high data-rate communications, vehicle radars, mm-wave imaging and sensing 

applications. As evident in Figure 1.4, interests in mm-wave integrated circuits in 

CMOS technology have grown considerably in the past 15 years. Search results 

are obtained from Scopus database using “millimeter-wave", “integrated circuit", 

and “CMOS" as keywords (refined results from Figure 1.1). Thanks to aggressive 
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technology scaling, the fT and fmax of CMOS technology increase dramatically. 

Figure 1.5 depicts the fT and fmax trends with the scaling of CMOS technology 

according to the international technology roadmap for semiconductor (ITRS) 

2006 [11]. As can be seen, with the continuous scaling of CMOS technology, the 

fT and fmax will be enhanced beyond 600 GHz in the year 2018. The performance 

of CMOS technology becomes comparable with that of III-V technologies in the 

mm-wave regime. Therefore, CMOS technology is an alternative solution for 

high-performance mm-wave systems. Besides, industries prefer to embrace 

CMOS technology rather than traditional III-V compound semiconductors. 
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Figure 1.5  The fT and fmax trends with the scaling of CMOS technology according to 

the ITRS 2006 [11]. 



10 

 

Compared to III-V compound semiconductors, the main superiority offered by 

CMOS technology at mm-wave frequencies is overwhelmingly high-level 

integration with high yield, which results in systems with much lower cost. In the 

past several years, the integration level of CMOS technology developed from 

single transceiver (TRX) to multi-band TRX with digital baseband and even with 

power amplifier (PA), as demonstrated in Figure 1.6 [12]. This trend can be seen 

in all areas of RFIC design, from cellular and wireless sensors up to mm-wave 

systems. Thanks to the capability of integration with IF and baseband digital 

signal processing (DSP) function, even with PA, CMOS technology makes true 

SoC achievable. 
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Figure 1.6  Integration trend in cellular wireless according to the ISSCC 2015 trends 

[12]. 
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Although there are tremendous opportunities present for CMOS mm-wave 

systems, there are also a few challenges to be addressed in their successful 

deployment.  First, the propagation of mm-waves suffers from more attenuation 

because of less discernible diffraction due to shorter wavelengths, which pose a 

challenge on the link budget of mm-wave communication system. However, high 

propagation attenuation is preferred for some applications because of effective 

channel reuse. Second, compared to compound semiconductor, silicon substrate 

introduces high energy loss due to low substrate resistivity. Therefore, passive 

devices suffer from significant energy loss at mm-waves. It is difficult to achieve 

an on-chip antenna with high power efficiency and an on-chip inductor with high 

quality factor on a silicon substrate. Third, power generation in small-feature size 

silicon technologies also presents a very serious challenge, mostly due to the 

lower breakdown voltages resulting from the scaling process and the shrinking of 

the depletion regions in the transistors. Finally, the modeling of the transistors and 

passive devices becomes more challenging at mm-wave frequencies. The smaller 

parasitic components within the models are more prone to error, and hence special 

attention must be paid to guarantee reliable results, especially in the presence of 

process variations and environmental changes [13]. Overall, research enthusiasms 

to CMOS mm-wave integrated circuits and systems would entry an even higher 

level in the future. 
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1.3 CMOS MM-Wave Imaging 

Since the early 1960s, mm-wave radiometers have been used for radio astronomy 

[14]. However, mm-wave imaging systems have only recently become more and 

more attractive to the military and consumer due to great progress in monolithic 

mm-wave integrated circuit technologies. Current mm-wave imaging systems are 

mainly implemented in III-V compound technologies and utilize mechanical 

scanning to achieve very high resolution, around 0.5 K, which is typically cited as 

the threshold for constructing a good image with acceptable contrast in the indoor 

scenario [15], [16]. However, these systems exhibit several drawbacks of low-

level integration, limitation of DSP electronics, high cost, and excessive pixel 

power consumption, which are critical for practical imaging systems with focal 

plane arrays (FPA). For a square array with n×n pixels, the total power 

consumption and chip size will be inflated by a factor of n
2
. 

In recent years, the continuous scaling of CMOS technology has led to better 

performance and higher level of integration. Furthermore, CMOS technology has 

a strong superiority in the DSP electronics. Thus, CMOS technology makes the 

system performance meet stringent requirements of imaging systems. 

However, to achieve practical mm-wave imaging systems in CMOS technology, 

several challenges must be conquered. First of all, it is hard to achieve a high-
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power illumination source. The output power of PA in CMOS is quite limited due 

to low breakdown voltage of CMOS transistors and high loss of on-chip passive 

components. Although the “atmospheric windows” exits in the mm-wave regime, 

the propagation loss is still quite high at mm-wave frequencies. For the 

transmissive mm-wave imaging system, the insertion loss of human bodies or 

obstacles is much higher. Therefore, imaging receivers with high sensitivity are 

extremely crucial for long-range imaging or alleviating the stringent requirement 

of link budget. Secondly, the intrinsic device gain is quite limited when working 

near the cut-off frequencies. Image resolution is inversely proportional to signal 

wavelength; therefore, higher frequency means better resolution. However, design 

of high resolution mm-wave imaging system is limited by low device gain near fT 

and fmax, which also greatly reduces the sensitivity of imaging systems. Thirdly, 

the gain-bandwidth product in CMOS technology is limited compared to that of 

III-V technologies. Because naturally-radiating power of objects is extremely 

weak, wide front-end bandwidth and high gain are significant for PMMW 

imaging systems to achieve high quality images, especially the gain and 

bandwidth of LNA. Fourthly, the inferior noise performance degrades the 

sensitivity and responsivity of CMOS detector. Additional calibration or 

compensation circuits are needed to alleviate the effects from device noise, 

especially strong flicker noise. Fifthly, further work about the assembly and 
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packaging of mm-wave systems needs to be done, in order to fully integrate front-

end and back-end. 
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Figure 1.7  NEP and power consumption of the state-of-the-art mm-wave imaging 

receivers. 

Considerable efforts have been devoted to developing mm-wave imaging systems 

in CMOS technology. Several approaches have been proposed in literature to 

implement CMOS imaging systems, such as direct detection (total power 

radiometer) [15], [17], [18], direct conversion [19], [20], heterodyne detection 

[10], and super-regenerative reception [21], [22]. Key parameters of imaging 

receiver are NEP, ∆Tmin, and responsivity. NEP is defined as the input signal 

power that makes a SNR of unit in one hertz output bandwidth. Smaller NEP 
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means better sensitivity. ∆Tmin describes the change in temperature of a thermal 

source required to produce post detection SNR of unit [23]. Responsivity is the 

ratio of output voltage divided by input power. Figure 1.7 illustrates the NEP and 

power consumption of the state-of-the-art mm-wave imaging receivers. As shown 

in Figure 1.7, if NEP of 10 fW/Hz
0.5

 is required, the power consumption of 

imaging receiver (per pixel) is quite large, which poses great challenge on the 

thermal dissipation issue when integrated in a large-size focal plane array (FPA). 
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Figure 1.8  FoM of the state-of-the-art mm-wave LNAs in CMOS. 

As the first amplification stage of imaging receiver, LNA is the key building 

block. High power gain and wide bandwidth will greatly improve the radiometer 

resolution [24]. Figure 1.8 shows the comparison of the state-of-the-art mm-wave 
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LNA in different CMOS processes. The adopted FoM takes the power gain, 3-dB 

bandwidth, noise factor, and power consumption into account, defined as 

 
  DC

[abs.] [GHz]

1 [mW]

Gain BW
FoM

F P




 
. (1.2) 

With the motivations discussed above, the goal of this dissertation is to design 

high sensitivity receiver with low power consumption in a 65-nm CMOS 

technology for mm-wave imaging applications. To begin with, different design 

techniques are explored to improve the power gain and bandwidth of LNA. Based 

on the proposed LNA, Dicke receiver with novel switching method is 

implemented. Sensitivity degradation due to the insertion loss of Dicke switch is 

eliminated, further improving the imaging performance. In addition, super-

regenerative reception is also explored for mm-wave imaging application with 

ultra-low power and high radiometer resolution. 

1.4 Major Contributions of the Dissertation 

This research focuses on CMOS integrated circuits for mm-wave imaging 

applications, and there are four important contributions. 

Firstly, gain-distribution technique is investigated and part peak-gain distribution 

is proposed in the design of a five-stage cascode LNA. If all peak gains locate at 
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the same frequency, the LNA exhibits very high gain but narrow bandwidth. 

When peak gains of the first four stages are fully distributed at different frequency 

points, a wideband gain response is achieved but with certain level of ripples. 

Alternatively, we partly distribute peak gains of the four stages at only two 

frequency points. The resonant frequencies of the first and fourth inter-stage 

matching networks are designed at lower frequency, while those of the other two 

stages are designed at upper frequency. As a result, it is much easier to achieve a 

flat gain response over a wide frequency range. Although the bandwidth is 

extended by distributing peak gains of the five-stage LNA, power consumption 

and silicon size are also increased due to many cascaded stages. In order to 

improve performance of LNAs under the constraint of power consumption and 

fabrication cost, a novel pole-converging technique is proposed. 

Secondly, a novel pole-converging intra-stage bandwidth extension technique is 

proposed for wideband amplifiers. By employing gate-inductor gain-peaking and 

negative drain-source transformer-feedback techniques in intra-stages, the transfer 

function of each stage exhibits two dominant poles. By reducing the gap between 

the two poles with proper values of gate inductor and coupling coefficient, a flat 

gain-frequency response over an ultra-wide bandwidth is achieved. Since the gain 

is boosted in a passive way and stacked transformers are adopted, the 3-dB 

bandwidth is greatly extended without increasing power consumption and chip 
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area. Based on the pole-converging technique, a switchable dual-path LNA is 

proposed in the design of Dicke receivers. 

Thirdly, a switchable dual-path LNA (SDP-LNA) is proposed in the design of a 

direct-detection Dicke receiver for mm-wave imaging systems. In traditional 

Dicke receivers, insertion loss of silicon-based mm-wave switches is 

unacceptably high, ~4-5 dB for CMOS switches, which directly degrades receiver 

sensitivity. System-level analysis indicates that 5-dB insertion loss prior to the 

LNA will degrade radiometer resolution by a factor of 3. In the proposed SDP-

LNA-based Dicke receiver, the sensitivity degradation introduced by the insertion 

loss of Dicke switch is eliminated because of the internal switching of the SDP-

LNA. Therefore, a high-sensitivity Dicke receiver for mm-wave imaging is 

obtained. Nevertheless, power consumption and chip size of the SDP-LNA-based 

Dicke receiver are quite large. In order to further reduce power consumption and 

fabrication cost, super-regenerative reception is explored. 

Fourthly, a charge-accumulation technique is proposed in the design of super-

regenerative receiver (SRR). Furthermore, a new power-injection method is 

adopted without loading the LC-tank of super-regenerative oscillator (SRO). 

Instead of directly detecting the oscillation buildup time (logarithmic mode) or 

peak amplitude (linear mode) of SRO, a charge-accumulation technique is 

proposed in the design of a 100-GHz linear-mode SRR. By accumulating the 
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output charge of peak detector, the output voltage of imaging receiver is greatly 

enhanced, leading to extremely high responsivity and sensitivity with ultra-low 

power consumption and small silicon size. Focal plane arrays using the 

implemented CA-SRR will significantly enhance sensitivity, reduce fabrication 

cost, and save system power consumption. 

1.5 Organization of the Dissertation 

The remainder of this dissertation is organized as follows: 

Chapter 2 reports state-of-the-art wideband mm-wave LNAs, and presents two 

wideband LNAs in 65-nm CMOS for mm-wave imaging applications. The first 

one is a five-stage cascode LNA based on part peak-gain distribution technique. 

By distributing peak gains of first four stages at two frequency points, the LNA 

achieves a flat gain response over a wide bandwidth. The second one is a three-

stage cascode LNA based on a novel pole-converging technique for intra-stage 

bandwidth extension. By employing gate-inductor gain-peaking and negative 

drain-source transformer-feedback techniques in intra-stages, transfer function of 

each stage exhibits two dominant poles, achieving a flat gain-frequency response 

over an ultra-wide bandwidth. The bandwidth is significantly extended by the 

proposed design technique without increasing power consumption and die size. 
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Chapter 3 reports the recent development of CMOS mm-wave imaging systems 

together with pros and cons of different architectures, and presents a novel direct-

detection Dicke receiver with a SDP-LNA for mm-wave imaging systems. Pole-

converging technique for intra-stage bandwidth extension is adopted in the design 

of the SDP-LNA. Based on the SDP-LNA, a direct-detection Dicke receiver is 

designed and implemented. Thanks to the internal switching of the SDP-LNA, 

sensitivity degradation due to the insertion loss of Dicke switch is eliminated, 

enhancing the sensitivity of imaging receiver. 

Chapter 4 reports different topologies of SRR used for mm-wave imaging, and 

presents an ultra-low-power and low-cost mm-wave imaging receiver based on 

super-regenerative reception. A charge-accumulation technique is proposed in the 

design of super-regenerative imaging receiver. By accumulating the output charge 

of peak detector, the output voltage is greatly enhanced, leading to extremely high 

responsivity and sensitivity with ultra-low power consumption. The theory of 

super-regenerative reception, implementation of charge-accumulation super-

regenerative receiver (CA-SRR), and experimental results are presented. 

Finally, conclusions and recommendations for the future work are given in 

Chapter 5. 
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1.6 Summary 

This chapter gives an introduction and overview of the whole dissertation. It starts 

with the research background, i.e. the promising applications of mm-waves and 

aggressive scaling of CMOS technology. Then, the topic of CMOS integrated 

circuits for mm-wave imaging applications is confirmed as my research focus. 

The approaches and challenges of CMOS mm-wave imaging are discussed, 

followed by the objectives and major contributions of this dissertation. Finally, 

the organization of the dissertation is reported. 
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Chapter 2  

Wideband MM-Wave Low-Noise Amplifier 

Due to exceedingly low received signal, wide bandwidth and high gain are 

significant for PMMW imaging systems to achieve high quality images. 

Unfortunately, the gain-bandwidth product in CMOS technology is quite limited 

compared to that of III-V technologies. To conquer this challenge, two bandwidth 

extension techniques for CMOS mm-wave LNAs are proposed in this chapter. 

One is part peak-gain distribution technique, and the other is a novel pole-

converging technique for intra-stage bandwidth extension. Circuit analysis and 

design methodology are provided. 
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2.1 Background and Literature Review 

With the aggressive scaling of CMOS technology in recent years, mm-wave 

CMOS circuits are greatly explored for many promising applications, such as 

wireless uncompressed HD-video streaming (W-HDMI) systems, automatic 

radars, ultra-high capacity E-band point-to-point links, and mm-wave imaging 

systems. As the first amplification stage in the receiver chain, LNA plays a 

critical role in determining the system SNR and link budget. The power gain of 

LNA must be high enough to enhance the received signal and minimize noise 

contributions of following stages. Besides, in wideband receivers, gain flatness 

facilitates roughly the same signal amplification in the whole spectrum and 

relaxes dynamic range requirement of ADCs in baseband [25]. Therefore, it is 

significant to achieve a wideband frequency response with high power gain and 

excellent gain flatness. 

At mm-wave frequencies, conventional single-stage amplifiers exhibit relatively 

low power gain because of operating near the cut-off frequency fT of transistors. 

Moreover, device parasitic effects and passive losses also increase with operation 

frequencies. Although overall gain can be enhanced by increasing the number of 

stages, power consumption is also increased greatly. Therefore, Gm-boosting 

techniques are developed to improve the gain of each single stage. The basic 

operation principle of Gm-boosting is increasing the voltage swing, vgs, between 
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the gate and source of transistor in either active or passive way, as shown in 

Figure 2.1(a). Since the active implementation introduces more noise and 

consumes additional power, the passive method is more attractive for the 

realization of Gm-boosted LNA. 
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Figure 2.1  Gm-boosted LNA: (a) basic operation principle of Gm-boosting, (b) 

transformer-coupled Gm-boosting [26], (c) capacitor cross-coupling Gm-boosting [27], 

(d) gate-inductor gain-peaking Gm-boosting [25]. 
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There are several kinds of passive implementation for Gm-boosting in literature, 

such as transformer-coupled Gm-boosting [26], capacitor cross-coupling (CCC) 

[27], [28], and gate-inductor gain peaking [25], [29], as shown in Figure 2.1. The 

transformer-coupled Gm-boosting technique provides anti-phase operation 

between gate inductor and source inductor, leading to the increase of vgs. However, 

it is limited by turn ratio of the transformer, which is usually less than three at 

mm-wave frequencies. Besides, the transformer is quite bulky, occupying large 

silicon area. The CCC is passive amplification and very suitable for differential 

LNAs. Compared to single-ended counterparts, differential LNAs consume twice 

power and silicon size. The amplification depends on the ratio between the cross-

coupled capacitor and gate-source parasitic capacitor, and its value is lower than 

one [26]. On the contrary, Gm-boosting of gate-inductor gain-peaking technique 

can be very large, which is dependent on the value of gate inductor. 

Besides the power gain, LNA’s operating bandwidth is also an important 

parameter. For a total-power radiometer in imaging systems, when ignore the 

noise contribution introduced by the detector, the image quality is quantified by 

the minimum resolvable temperature, ∆Tmin, which is defined as 

 2

min

1
( )S

G
T T

B G


  


 Equation Section (Next)(2.1) 
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where Ts is the system noise temperature, B is the RF front-end bandwidth, τ is the 

receiver’s integration time, G is the overall gain of the receiver front-end, and ΔG 

is the root-mean-square (RMS) variation of G in the time domain [18], [24]. To 

achieve excellent thermal resolution, LNA must provide a stable high power gain 

over a wide frequency band. Besides, mm-wave cellular wireless networks with 

wide bandwidth have tremendous potential to provide huge capacity and data 

rates for cellular communications [1]. Furthermore, for FMCW radars, wider 

bandwidth leads to higher range resolution [30]. Therefore, wideband LNAs are 

greatly desired in these systems. Indeed, III-V compound semiconductor 

technologies have been the desirable platforms for wideband amplifiers with 

extremely high power gain and low noise figure at high frequencies when 

compared to their silicon counterparts [31]–[34]. However, CMOS technology 

demonstrates merits of overwhelmingly low cost, high yield, and high level of 

integration, which make it more attractive for the implementation of multi-

antenna systems with complex digital circuitries [35]. 

In literature, distributed architecture and multi-stage architecture are two common 

topologies for broadband amplifiers. However, the former has drawbacks of high 

power consumption and large chip size, besides, extensive modeling and 

electromagnetic (EM) simulation are needed to achieve good performance [36]–

[39]. For multi-stage amplifiers, bandwidth is limited by intrinsic capacitances of 
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transistors and other parasitic capacitances at the nodes of input, output, and inter-

stages. 
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Figure 2.2  Inter-stage matching networks: (a) L-type, (b) π-type, (c) T-type, (d) 

combination of L-type and T-type. 

To extend bandwidth of multi-stage amplifiers, different matching networks and 

peaking techniques are explored to achieve higher bandwidth extension ratio 

(BWER), which is defined as the ratio of 3-dB bandwidth to that of reference 

common-gate (CG) or common-source (CS) amplifier without peaking techniques 

[40]. Four topologies of inter-stage matching network are adopted to broaden the 

bandwidth, namely L-type [18], [41]–[43], π-type [44], T-type [24], [45], [46], 

and combination of different types [15], [47], as illustrated in Figure 2.2. By 
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combining L-type and T-type matching networks, the work in [47] demonstrated a 

wide 3-dB bandwidth of 21 GHz with peak gain of 14.8 dB in CMOS technology. 

More recently, one LNA in SiGe BiCMOS technology achieved 3-dB bandwidth 

over 30 GHz using a T-type matching network [24]. 
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Figure 2.3  Bandwidth extension techniques [40]: (a) shunt peaking, (b) series 

peaking, (c) shunt-series peaking, (d) T-coil peaking. 

On the one hand, complex matching networks provide wideband matching but 

introduce additional insertion loss and chip area. On the other hand, peaking 

techniques, such as shunt peaking, series peaking, shunt-series peaking, and T-
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coil peaking, are highly relied on the ratio of drain capacitance to load capacitance, 

as shown in Figure 2.3. The ratio varies from 0.2 to 0.5 for CS amplifiers, 

depending on drive and load conditions. Thus, the theoretical BWER of these 

techniques is only 2 to 5 [33], [40]. Table 2-1 summarizes the performance of 

state-of-the-art wideband mm-wave LNAs. 

Table 2-1  Performance summary of state-of-the-art wideband mm-wave LNAs 

Reference Technology Topology 
Gain 

(dB) 

BW* 

(GHz) 

NF 

(dB) 

Power 

(mW) 

Size 

(mm2) 

[45] 

MWCL′10 

0.18-µm 

SiGe 

2-stage 

cascode 
14.5 14.5 6.9 - 8.0 37 0.41 

[15] 

JSSC′11 

0.18-µm 

SiGe 

5-stage 

CE 
19 19# 8.0 - 12# 63 1.00 

[24] 

JSSC′13 

0.13-µm 

SiGe 

2-stage 

cascode 

22.5 30 6.0 - 7.2# 52 0.52 

25 70# 6.2 - 9.0# 54 0.33 

[36] 

JSSC′07 

0.18-µm 

CMOS 
Distributed 20 39.4 8.0 - 9.4 250 2.24 

[37] 

TMTT′13 

0.18-µm 

CMOS 
Distributed 24 33 6.5 - 7.5 238 0.83 

[38] 

TMTT′12 

65-nm 

CMOS 
Distributed 22 65 6.9 - 7.9 97 0.93 

[39] 

IMS′15 

0.18-µm 

CMOS 
Distributed 25 34 6.5 - 8.0 176 0.86 

[41] 

TMTT′12 

45-nm 

SOI 

CMOS 

3-stage 

CS 
10.7 18 6.0 - 11 52 0.32 

[42] 

JSSC′08 

65-nm 

CMOS 

3-stage 

cascode 
13.5 20 6.4 - 9.0# - - 

[43] 

EL′12 

90-nm 

CMOS 

3-stage 

cascode 
14 23 4.8 - 7.0# 32 0.22 

[18] 

JSSC′10 

65-nm 

CMOS 

5-stage 

cascode 
27 13.5# 6.8 - 9.0# 36 - 

[44] 

TMTT′15 

28-nm 

CMOS 

2-stage 

cascode 
13.8 18 4.0 - 5.8 24 0.38 

[46] 

IMS′12 

65-nm 

CMOS 

4-stage 

cascode 
25.3 20# 6.0 - 8.3 48 0.25 

[47] 

ISSCC′09 

65-nm 

CMOS 

4-stage 

CS 
14.8 21 7.5 - 9.0# 86 0.33 

[10] 

JSSC′11 

65-nm 

CMOS 

3-stage 

cascode 
15 12 7.0 - 10# 42 - 

 * 3-dB bandwidth; # estimated value 

mailto:14.8@90GHz
mailto:13.5@81GHz
mailto:14.8@90GHz


30 

 

In comparison, CG LNA presents high stability, linearity, and reverse isolation 

[48]. However, because of the difficulty in wideband noise matching, its NF 

performance is poorer than that of CS LNA. CS LNA has the drawback of poor 

reverse isolation at mm-wave frequencies due to parasitic drain-to-gate 

capacitance. The cascode topology is widely used because of high gain and 

reverse isolation, but it presents high power consumption. To achieve high-gain 

wideband LNAs, two bandwidth extension techniques are presented in following 

sections. One is based on part peak-gain distribution, and the other is based on a 

novel pole-converging technique. Circuit analysis and design methodology are 

also provided. 

2.2 88.5–110 GHz LNA Based on Peak-Gain Distribution 

This work presents a wideband mm-wave LNA in a 65-nm CMOS technology. 

Figure 2.4 shows the schematic of proposed five-stage cascode LNA with the gate 

width (W) and the number of fingers (Nf) of the transistor declared in the caption. 

By distributing peak gains of first four stages at two frequency points, the LNA 

achieves a flat gain response over a wide bandwidth. 
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Figure 2.4  Schematic of the proposed wideband LNA, M1-M10: W=25 µm, Nf =25. 

2.2.1 Peak-Gain Distribution 

Figure 2.5 investigates the simulated AC gain responses in three different 

scenarios based on peak-gain distribution. If all peak gains locate at the same 

frequency, the LNA exhibits very high gain but narrow bandwidth, as shown in 

Figure 2.5(a). When peak gains of the first four stages are fully distributed at 

different frequency points, a wideband gain response is achieved with certain 

level of ripples, as illustrated in Figure 2.5(b). However, to minimize the ripples 

and maintain wide bandwidth, great efforts are needed to obtain the optimal 

values of peak gains and frequency points, which are quite complicated in design 

procedures. 

Alternatively, we partly distribute peak gains of the first four stages at only two 

frequency points, as shown in Figure 2.5(c). The resonant frequencies of the first 
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and fourth inter-stage matching networks are designed at lower frequency fL, 

while those of the other two stages are designed at upper frequency fU. 

Considering the noise contribution of each stage and the mismatch between the 

two frequency points, we design the first stage at lower frequency with higher 

peak gain. Thus a flat overall gain response GT is relatively easier to obtain over a 

wide frequency range with part peak-gain distribution. Compared to no 

distribution and full distribution, the part distribution provides the best 

performance in terms of the gain flatness and bandwidth, as illustrated in Figure 

2.5(d). 
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Figure 2.5  Simulation and comparison of AC gain responses in three different 

scenarios: (a) no distribution, (b) full distribution, (c) part distribution, (d) 

comparison of the overall AC gain responses. 
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2.2.2 L-Type Input Matching 

In Figure 2.6, the L-type input matching network with its small-signal equivalent 

circuit is analyzed. At mm-wave frequencies, parasitic capacitance of testing pads 

Cpad must be designed as part of matching network. Based on the small-signal 

analysis, input admittance can be derived as 
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Figure 2.6  (a) Schematic of the input stage with pad capacitance. (b) Simplified 

small-signal equivalent circuit. 
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where Cgs and gm are the gate-source capacitance and trans-conductance of the 

MOS transistor, respectively, Zin′ is the input impedance of conventional 

inductive degeneration matching network, C′ is equivalent capacitance, and R′ is 

equivalent resistance. For the conventional inductive degeneration matching 

network with the effect of Cpad, large L2 and Ls are needed to cancel out Cgs and 

Cpad, resulting that C′ equals to zero and R′ equals to 50 Ω. However, by using L-

type matching topology with source degeneration inductor Ls, the input matching 

network functions as a parallel circuit with C′ and R′, expressed in (2.4) and (2.5), 

respectively. The effect of Cpad is alleviated by L1, which is connected to the 

matching network in parallel with Cpad. Thus Cpad and Cgs can be cancelled out by 

small values of L1, L2, and Ls, achieving simultaneous noise and impedance 

matching [42]. 

Table 2-2  Inductor values of input matching network at 100 GHz 

Inductor 
L1 

(pH) 

L2 

(pH) 

Ls 

(pH) 

L-type matching 50 20 40 

Conventional matching - 150 100 
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Table 2-2 lists the inductances needed in the ideal case to achieve the same 

matching condition with the effect of parasitic pad capacitance, which is around 

20 fF at 100 GHz. Figure 2.7 shows the simulated input matching conditions of L-

type matching and conventional matching based on the inductances listed in Table 

2-2. As evident in Figure 2.7, L-type input matching significantly reduces the 

inductance of matching inductors and thus the chip size. 
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Figure 2.7  Simulated S11 of two matching topologies based on the inductances listed 

in Table 2-2. 

2.2.3 Circuit Implementation 

The schematic of the proposed wideband LNA is depicted in Figure 2.4. Double-

sided gate contacts have been chosen to reduce the gate resistance, which is the 

limitation factor for the high-frequency gain and noise performance. The total 

width and number of fingers have been chosen as a tradeoff between maximum 
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available gain, minimum noise figure (NF) and power consumption of the cascode 

stage. Each stage adopts transistors with same size and bias current. The total 

transistor width is 25 µm with a finger number of 25. In each stage, series 

inductors Lm1-6 are added between CG and CS transistors to improve the fT of 

CMOS cascode structure [49]. The input L-type matching network is optimized to 

transform the 50-Ω impedance at the input pad to the optimum noise source 

impedance at the first gain stage. Ld1 and Ld4 resonate with the parasitic 

capacitances at 100 GHz, while Ld1 and Ld4 resonate with the parasitic 

capacitances at 120 GHz, so that the peak gains of first four stages are distributed 

at two frequency point. The output stage adopts the T-type matching network to 

provide a wideband output matching, working as an output buffer. Custom 

designed inductors were developed in 3D EM simulator HFSS and adopted for the 

design and simulation of the LNA. The optimized inductor parameters at 100 

GHz are listed in Table 2-3. 

Table 2-3  Inductor parameters of the LNA at 100 GHz 

@100GHz Ls L1 L2 L3 L4 L5 Lm1-6 Ld1&4 Ld2&3 

Ind. (pH) 24 40 25 59 48 14 95 55 35 

Q 13 15 14 17 16 11 19 17 15 
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2.2.4 Experimental Results 

The proposed wideband LNA was fabricated in GlobalFoundries 65-nm CMOS 

technology. The die occupies a silicon area of 0.66 mm × 0.44 mm including all 

pads with core circuit size of only 0.45 mm × 0.11 mm, as shown in Figure 2.8. 

At a supply voltage of 1.8 V, the LNA exhibits power consumption of 48.6 mW. 

VDDGNDVbias

0.45 mm × 0.11 mm 

 

Figure 2.8  Die micrograph of the wideband LNA. 

The LNA was measured through on-wafer testing by using Cascade Microtech 

Elite 300 probe station and Agilent N5247A PNA-X microwave network analyzer 

with N5256A mm-wave head controller, as demonstrated in Figure 2.9. The S-

parameters of the LNA were measured up to 110 GHz due to the equipment 

limitation, and compared to simulated S-parameters in Figure 2.10. The measured 
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gain response shifts down by ~4 GHz and degrades by ~4 dB. It is mainly due to 

parasitic capacitances caused by dummy metal fills which were not fully 

considered in EM simulation. The LNA exhibits a very flat gain response with 

peak value of 16.7 dB at 104 GHz. The measured 3-dB bandwidth is from 88.5 

GHz to 110 GHz that is limited by the measurement setup, but up to 114 GHz can 

be expected. The input return loss is better than 10 dB from 86 GHz to 105 GHz, 

while the output return loss is better than 10 dB from 78 GHz to 107 GHz. The 

measured reverse isolation is better than 50 dB in the whole W-band. The Rollett 

Stability factor K and Δ calculated from measured S-parameters are shown in 

Figure 2.11, which indicate that the proposed amplifier is unconditional stable. 
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Figure 2.9  Setup for on-wafer S-parameters measurement. 
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Figure 2.10  Simulated and measured S-parameters. 
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Figure 2.11  Measured stability factor K and Δ. 
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Figure 2.12  Measurement setup for the W-band noise figure measurement. 

The setup for NF measurement is illustrated in Figure 2.12. This measurement 

setup utilizes Y-factor method through turning on and off the noise source, which 

delivers a uniform level of noise power spectral density with a typical excess 

noise ratio (ENR) of 12 dB within the full W-band. The setup consists of a W-

band noise source, a W-band pre-amplifier, a spectrum analyzer receiver (SAR), 

and a FSUP signal source analyzer. The pre-amplifier is used to improve 

sensitivity level. The SAR down-converts W-band frequencies and converts 

waveguide interface to co-axial interface for LO and IF connections. The FSUP, 

equipped with LO/IF option for external mixer, provides a control voltage of 28 V 

to the noise source and measure the noise figure of the LNA. To obtain a more 

accurate NF, a 2
nd

 stage calibration was performed to remove the noise figure of 
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the spectrum analyzer, and the average of 20 measurements was taken. Figure 

2.13 shows the simulated and measured noise figures. The measured NF ranges 

from 7.2 dB to 9.0 dB in the 3-dB bandwidth with a minimum value of 7.2 dB at 

104 GHz. 
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Figure 2.13  Simulated and measured noise figure. 

Performance of the proposed wideband LNA is summarized and compared to 

state-of-the-art mm-wave wideband LNAs in Table 2-4. The fabricated LNA 

based on part peak-gain distribution exhibits peak gain of 16.7 dB at 104 GHz, 

minimum NF of 7.2 dB, and 3-dB bandwidth of 21.5 GHz. The LNA consumes 

DC power of 48.6 mW and occupies a compact core area of 0.05 mm
2
. 



42 

 

Table 2-4  Performance summary and comparison to state-of-the-art wideband mm-

wave LNAs 

Ref. Tech. Top. 
Gain 

(dB) 

BW 

(GHz) 

NF 

(dB) 

Power 

(mW) 

Area 

(mm
2
) 

FoM 

[32] 

MWCL 

2015 

50-nm 

InGaAs 

mHEMT 

5-stage 

CS 
26

#
 57

#
 3.2-4.8

†
 24 2.00 23.5-43.5 

[34] 

IMS 

2014 

50-nm 

GaAs 

mHEMT 

3-stage 

CS 
26

#
 62

#
 1.3-2.3

†
 45 3.62 39.4-78.8 

[50] 

TMTT 

2015 

80-nm 

InP 

HEMT 

3-stage 

CG 
18 42 3-4

†
 12 0.41 18.4-27.9 

[41] 

TMTT 

2012 

45-nm 

SOI 

CMOS 

3-stage 

CS 
10.7 18 6

*
 52 0.32 0.40 

[44] 

TMTT 

2015 

28-nm 

CMOS 

2-stage 

Casc. 
13.8 18 4-6

†
 24 0.38 1.23-2.42 

[10] 

JSSC 

2011 

65-nm 

CMOS 

5-stage 

CS 
15 12 7-10

#
 42 0.79 0.18-0.40 

[51] 

MWCL 

2012 

65-nm 

CMOS 

3-stage 

Casc. 
18.9 12 6.1-7.8

†
 45 0.25 0.47-0.76 

This 

Work 

65-nm 

CMOS 

5-stage 

Casc. 
16.7 21.5 7.2-9 48.6 0.29 0.44-0.71 

            # 
estimated value from figures; 

* 
NF at 95 GHz; 

† 
NF within part range of the 3-dB bandwidth. 

2.3 62.5-92.5 GHz LNA Based on Pole-Converging 

Technique 

In this work, pole-converging technique for bandwidth extension in intra-stages of 

multi-stage amplifiers is proposed. By using gate-inductor gain-peaking and 

negative drain-source transformer-feedback techniques in intra-stages, transfer 
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function of each stage exhibits two dominant poles, demonstrating a flat gain-

frequency response over an ultra-wide bandwidth. The analyses of pole-

converging technique and negative drain-source transformer-feedback technique 

are provided. To verify the proposed design technique, a three-stage cascode LNA 

was designed and implemented in a 65-nm CMOS technology. The design 

procedure and experimental results are reported. The prototype demonstrates a 

flat high gain response with low NF over a broad bandwidth without increasing 

power consumption and die size. 

2.3.1 Pole-Converging Technique 

Gate-inductor gain-peaking technique is widely used to boost the power gain of 

amplifiers in literature [25], [29]. However, one significant merit of this technique 

was ignored in published works, i.e. introducing a second pole in transfer function, 

which can significantly extend the 3-dB bandwidth combined with our proposed 

negative drain-source transformer feedback. This phenomenon of frequency 

compensation is denominated as pole converging. 



44 

 

(a) (b)

VDD

Lg

RL

M2

vout

Vbias

RS

vS

CB

M1

ro2

Lg

Cgs2 vgs2 gm2vgs2 RL

vo

vi ro1
Cgs1 vgs1 gm1vgs1

Zo

 

Figure 2.14  (a) Schematic of a cascode LNA with gate-inductor gain peaking, (b) 

Simplified small-signal equivalent circuit. 

Figure 2.14 shows the Gm-boosting technique of gate-inductor gain peaking. 

Instead of connecting to the bias voltage directly, the gate terminal of M2 is biased 

through a gate inductor Lg. Figure 2.14(b) illustrates the simplified small-signal 

equivalent circuit of the Gm-boosting cascode LNA. Because of the added Lg, the 

gate terminal of M2 is no longer a perfect AC ground. Based on small-signal 

analysis, the voltage drop on the intrinsic capacitor Cgs2 and real part of output 

impedance are expressed as (2.6) and (2.7), respectively. Since ω0 is much larger 

than the frequencies of interest and inversely proportional to the value of Lg, vgs2 

and Zo increase with the gate inductor. Thus a positive feedback is introduced by 

the gate inductor, which results in the gain boosting of the cascode LNA. 
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However, the value of Lg cannot be larger than 1/ω
2
Cgs2, otherwise, the real part 

of output impedance will become negative, leading to stability issue. 
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where, 

 2 A o LR r R   (2.13) 
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Figure 2.15  Demonstration of the pole converging: (a) locus of the second pole as 

gate inductor varies, (b) calculated relative displacement of two poles as gate 

inductor varies ,when gm1 = gm2 = 25 mS, ro1 = ro2 = 400 Ω, Cgs1 = Cgs2 = 15 fF, RL = 1 

kΩ. 

In addition to the benefit of gain boosting, the gate-inductor gain-peaking 

technique also introduces a second dominant pole in the transfer function, which 

is a significant merit but ignored in literature. Based on the small-signal 

equivalent circuit shown in Figure 2.14(b), the transfer function of the cascode 
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LNA is derived as (2.8). From the second-order polynomial in the denominator of 

(2.8), two poles are derived as (2.9) and (2.10), respectively. An interesting 

phenomenon, pole converging, can be seen in examining (2.9) and (2.10) as gate 

inductor increases. Note that p2 is directly dependent on ω0, in other words, it is 

inversely proportional to Lg, while the dominant pole p1 has very weak correlation 

with Lg. When the gate inductor is removed, the transfer function is simplified as 

(2.11) with single original pole p0, expressed as (2.12). With the increasing of the 

gate inductor, the non-dominant pole p2 is pushed towards to p1 and finally 

becomes the second dominant pole. The mechanism of pole converging is 

illustrated in Figure 2.15(a), and Figure 2.15(b) demonstrates the relative 

displacement of p1 and p2 as Lg increases. 
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Figure 2.16  Schematic of the three-stage LNA based on pole-converging technique. 
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To verify the theoretical analysis of pole converging, a three-stage cascode LNA 

with the gate-inductor gain-peaking technique is simulated using Cadence 

Virtuoso, as shown in Figure 2.16. The input stage with shunt-series feedback 

exhibits wideband input matching and the last stage with asymmetric T-coil 

peaking works as a wideband output buffer. Figure 2.17 illustrates the simulated 

gain-frequency responses as the gate inductor varies. As can be seen in Figure 

2.17, the simulated pole-converging tendency exhibits good agreement with the 

numeric calculations shown in Figure 2.15(b). By exploiting the pole-converging 

technique, the bandwidth of amplifiers can be significantly extended if the gain at 

the dominant pole is restrained while that at the second pole is enhanced. 
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Figure 2.17  Simulated pole converging of the three-stage LNA as gate inductor 

varies. 
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2.3.2 Negative Drain-Source Transformer Feedback 

As previously discussed, only when the gain at the dominant pole is restrained 

and that at the second pole is enhanced will the cascode LNA with gate-inductor 

gain peaking achieve a flat gain-frequency response over a broad bandwidth. In 

literature, transformer feedback is extensively used for the design of wideband 

amplifiers. Based on different configurations, this technique can achieve various 

benefits such as neutralization [52], transconductance enhancement [26], 

wideband matching [42], [53], noise cancellation [53], and bandwidth extension 

[33], [40]. Nevertheless, negative transformer feedback has an inevitable 

drawback of gain reducing in almost direct proportion to other benefits achieved, 

which actually can improve the gain-frequency response of the gain-peaking 

cascode LNA. Therefore, a negative drain-source transformer feedback is 

introduced through magnetically coupling the drain inductor and source inductor 

of the CG amplifier in the cascode stage, as shown in Figure 2.18. The source 

inductor Ls tunes out the parasitic gate-source and gate-drain capacitances of the 

CG and CS transistors, respectively, which leads to higher fT of cascode structure, 

improving the performance of cascode amplifiers at mm-wave frequencies [49]. 

The drain inductor Ld, as a shunt-peaking inductor itself, leads to more initial 

charging current to the load capacitor of next stage by delaying current flow to 

resistive branch. Besides, the transformer introduces a negative feedback current 
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into Ld through magnetic coupling. Thus, the charging process of the load 

capacitor becomes much faster, which further extends the 3-dB bandwidth. 
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Figure 2.18  Schematic of the three-stage LNA with gate-inductor gain peaking and 

negative transformer feedback. 

However, the theoretical analysis of gain-frequency response is quite tough 

because of many energy storage elements, and the numerical result is too 

complicated to provide any circuit design insights. Zero-value time constant 

analysis has been developed to convey the design insight of intricate circuits [54]. 

Unfortunately, this approximate method is only suitable for circuits with one 

dominant pole, which is not the case in the proposed design methodology. 

Therefore, simulation results of the three-stage LNA are used to illustrate the pole 

converging and the benefits of the proposed negative transformer feedback. 
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To investigate the effects on the gain-frequency responses from the negative 

transformer feedback, various values of magnetic coupling coefficient k , drain 

inductor Ld, and source inductor Ls are examined in the simulation, as shown in 

Figure 2.19 and Figure 2.20. As expected, with the increasing of k, the gain at the 

first pole is reduced, and most importantly the gain at the second pole is 

significantly enhanced. 

Figure 2.19(a) shows the gain-frequency responses when Lg = 40 pH. Since the 

gate inductor is not large enough, the second pole is far away from the dominant 

pole. Thus, strong coupling is required to enhance the gain at the second pole. 

Nevertheless, it is difficult to achieve high magnetic coupling coefficient at mm-

wave frequencies for on-chip transformers. Besides, flat gain-frequency response 

can hardly be achieved if two poles are far away from each other. However, when 

the gate inductor is increased to 90 pH, narrowing the gap between the second 

pole and the dominant pole, a flat wideband gain-frequency response is presented 

with a reasonable value of coupling coefficient (k = 0.4). Therefore, the gate 

inductor Lg, which boosts the Gm of CG transistor, provides an additional design 

flexibility to adjust the power gain, bandwidth, and gain-flatness. Figure 2.20 

illustrates the frequency responses with different values of Ld and Ls. Compared to 

k, Ld and Ls have few impacts on the gain-frequency response, which actually 

offers a design freedom to obtain optimal k by changing Ld or Ls. 
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Figure 2.19  Gain-frequency responses as the magnetic coupling coefficient k varies 

with Ld = 70 pH and Ls = 100 pH: (a) Lg = 40 pH, (b) Lg = 90 pH. 

(b)

(a)

50 75 100 125 150
-20

0

20

40

 

 

 L
s
 = 60 pH

 L
s
 = 80 pH

 L
s
 = 100 pH

 L
s
 = 120 pH

S
2

1
 (

d
B

)

Frequency (GHz)

50 75 100 125 150
-20

0

20

40
 L

d
 = 60 pH

 L
d
 = 70 pH

 L
d
 = 80 pH

 L
d
 = 90 pH  

 

S
2

1
 (

d
B

)

Frequency (GHz)

120 pH

60 pH

80 pH

60 pH

 

Figure 2.20  Gain-frequency responses as: (a) drain inductor Ld varies (when Lg = 90 

pH, Ls = 100 pH, and k = 0.5), (b) source inductor Ls varies (when Lg = 90 pH, Ld = 

70 pH, and k = 0.5). 
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2.3.3 Wideband Input Matching 

At mm-wave frequencies, the parasitic pad capacitance Cpad reduces the matching 

bandwidth of conventional source degeneration matching network by introducing 

an additional parallel resonant circuit at the input. Thus, Cpad must be designed as 

part of the matching network. By using a shunt-series feedback, Cpad and the input 

capacitance of the transistor can be simultaneously compensated over a wide 

bandwidth [42]. 
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Figure 2.21  (a) Input stage of the cascode LNA with shunt-series feedback, (b) 

Simplified small-signal equivalent circuit of the common-source amplifier. 

Figure 2.21 shows the input stage of the cascode LNA with shunt-series 

transformer feedback and the simplified small-signal equivalent circuit of the CS 
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amplifier. Based on small-signal analysis, the input admittance can be derived as 

(2.18), where n1 is the turns ratio between L2 and L1. As can be seen in (2.18), 

Cpad is absorbed into the input capacitance of M1, forming one parallel resonant 

circuit with L1. The simulated effects on input matching from k1 and L1 are 

illustrated in Figure 2.22(a) and Figure 2.22(b), respectively. 
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Figure 2.22  Simulated input matching: (a) as k1 varies (when L1 = 50 pH, L2 = 30 pH, 

Ld = 70 pH, Ls = 100 pH, Lg = 90 pH, and k = 0.5), (b) as L1 varies (when L2 = 30 pH, 

Ld = 70 pH, Ls = 100 pH, Lg = 90 pH, k = 0.5, and k1 = 0.4). 
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To analyze the impacts on the input matching from the gate inductor and the 

drain-source transformer, further analysis about the input stage of the three-stage 

cascode LNA will now be provided. As shown in Figure 2.23, the shunt-series 

transformer feedback of M1 itself provides a wideband input matching, but the 

load impedance is affected by the input impedance of the CG amplifier as the 

magnetic coupling coefficient varies. For the sake of simplicity, only the input 

impedance of the CG amplifier is mathematically analyzed. Based on the small-

signal model shown in Figure 2.23(b), the input impedance can be derived as 

(2.19). 
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Figure 2.23  (a) Input stage of the cascode LNA with shunt-series feedback, (b) 

Simplified small-signal equivalent circuit of the common-gate amplifier. 
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where β is the Gm-boosting coefficient, n is the turn ratio of the drain-source 

transformer, and ZL is the load impedance including the parasitic inductance of 

interconnections and the load capacitor from the next stage. As can be seen in 

(2.19), magnetic coupling introduces additional zeros in the fourth term, thus the 

input impedance bandwidth is enlarged. However, when k changes to zero, the 

input impedance turns out to be (2.20) and the bandwidth is reduced. As 

illustrated in Figure 2.24(a), with the increasing of k, matching bandwidth 

becomes much better than that of the amplifier without magnetic coupling. 

However, if the magnetic coupling becomes too strong, the negative transformer 

feedback may make the amplifier oscillate at the second pole. Therefore, cares 

should be taken when using this transformer feedback to avoid unstable operation. 

Further to the magnetic coupling coefficient, the Gm-boosting coefficient β also 

exhibits great effects on the input matching. Note that the gate inductor boosts not 
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only the effective transconductance of M2 but also effective gate-source 

capacitance. Due to the boosted effective gate-source capacitance, the charging 

process becomes much slower. Thus the second pole is pushed to lower frequency 

with few effects on the first dominant pole, as illustrated in Figure 2.17. As a 

result, the input matching bandwidth is reduced, as shown in Figure 2.24(b). In 

brief, gate inductor enhances the power gain but reduces the input matching 

bandwidth; nevertheless, the bandwidth degeneration is compensated by the 

drain-source transformer feedback to some extent. 
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Figure 2.24  Simulated input matching: (a) as the magnetic coupling coefficient k 

varies (when Ld = 70 pH, Ls = 100 pH, and Lg = 90 pH), (b) as the gate inductor Lg 

varies (when Ld = 70 pH, Ls = 100 pH, and k = 0.4). 
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2.3.4 Design Methodology and Circuit Implementation 

The presented pole-converging intra-stage bandwidth extension technique can be 

used to extend the bandwidth of multi-stage amplifiers in the common-gate or 

cascode topology. Compared to CG amplifiers, cascode amplifiers provide better 

reverse isolation, higher power gain, and simultaneous noise and power matching 

over a wideband bandwidth. A design methodology has been developed for the 

implementation of a CMOS cascode LNA based on the pole-converging 

technique, as shown in Figure 2.21(a). 

Step 1: Choose the minimum length to maximize power gain and set the bias to 

the optimum NFMIN current density (JOPT ≈ 0.15mA/µm) to minimize transistor 

noise. 

Step 2: Choose the optimal Wf to minimize NFMIN. For 65/90-nm CMOS, Wf is 

0.7 - 1.5 µm [55]. Finger width of 1µm is used for this design. 

Setp 3: Choose the number of fingers (Nf) with respect to the current consumption 

specification. 

Step 4: Find the best value of Ls for the cascode by plotting the fT of the cascode 

versus Ls through simulation under the condition of no drain-source magnetic 

coupling (k = 0). Note that the value of Ls scales with Nf
 -1

. 

Step 5: Based on (2.18), estimate the value of L1 assuming that k1 = 0.5 and n1 = 1. 

Step 6: Find the best value of L2 by plotting the S11 of the cascode versus L2 

through simulation. And optimize the value of L1. 
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Step 7: Design the shunt-series transformer with the optimized L1 and L2. 

Step 8: Find the best value of Ld to maximize the power gain at frequencies of 

interest under the condition of no drain-source magnetic coupling (k = 0). 

Step 9: Design the drain-source transformer with maximum coupling coefficient 

based on the values of Ls and Ld achieved in Step 4 and Step 8, respectively. 

Step 10: Add the gate inductor Lg to boost the power gain and introduce the 

second dominant pole in the transfer function. Optimize the value of Lg to achieve 

a flat gain response over a broad bandwidth through simulation. 

Step 11: Return to Step 6 and Step 7 to optimize the shunt-series transformer to 

improve the input matching with the consideration of effects from the Step 9 and 

Step 10. 

Step 12: Optimize the biasing voltage, and make a trade-off between minimizing 

the noise figure and maximizing the power gain. 

Step 13: After the layout and parasitic parameters extraction, repeat Step 4 to 

Step 12. 

Following this design methodology, a three-stage cascode LNA based on the 

proposed pole-converging technique has been implemented in GlobalFoundries 

65-nm CMOS technology. As shown in Figure 2.18, the input stage adopts shunt-

series feedback to provide wideband input matching and the last stage with 

asymmetric T-coil peaking works as a wideband output buffer. The parasitic 

capacitances of testing pads are designed as part of the input and output matching 

networks. The gate-inductor gain-peaking and negative drain-source transformer-



60 

 

feedback techniques for intra-stage bandwidth extension are implemented in the 

first two stages, and L-type inter-stage matching network is adopted. The 

transformers used for shunt-series feedback and T-coil peaking are implemented 

in a planar topology for medium magnetic coupling coefficient; while the drain-

source transformer is designed in a stacked topology for high magnetic coupling 

coefficient and small footprint.  

All the inductors, transformers, and testing pads were custom designed with 

interconnections and simulated using the 3D EM simulator ANSYS HFSS. Table 

2-5 lists the optimized parameters of circuit elements in the three-stage cascode 

LNA. All the transistors have finger width of 1 µm with the minimum gate length, 

which results in a good compromise between gate-resistance reducing and fT 

degradation due to gate-bulk capacitance. 

Table 2-5  Design parameters of the three-stage cascode LNA 

@80GHz L1 L2 L3 Lg Ls Ld Ld1 Ld2 

Ind. (pH) 45 27 89 71 108 55 39 63 

Q 10.3 13.7 12.1 13.3 15.1 9.6 12.6 13.2 

 k k1 k2 R C M1-M6 VDD Vbias 

 0.43 0.41 0.31 18 kΩ 176 fF 25 µm 1.8 V 0.8 V 
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2.3.5 Experimental Results 

The proposed broadband LNA was fabricated in GlobalFoundries 65-nm CMOS 

technology. Figure 2.25 shows the die micrograph of the broadband LNA. This 

amplifier occupies silicon area of 0.24 mm
2
 including all the pads with a core 

circuit size of only 0.06 mm
2
. The LNA draws 15.2 mA from a 1.8-V supply for 

high power gain (hereinafter, “high-gain mode”), while it has a power 

consumption of 12 mW under the nominal supply voltage of 1.2 V for low-power 

operation (hereinafter, “low-power mode”). 
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Figure 2.25  Die micrograph of wideband LNA based on pole-converging technique. 

The measured S-parameters of high-gain mode are plotted in Figure 2.26(a). The 

prototype achieves a 3-dB bandwidth from 62.5 GHz to 92.5 GHz with peak gain 

of 18.5 dB at 68 GHz. The input return loss is better than 10 dB from 60.5 GHz to 

beyond 110 GHz, while the output return loss is better than 6 dB in the entire 3-
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dB bandwidth. When there is a constraint on the power consumption, the 

proposed LNA can provide a power gain of 13.3 dB at 69 GHz with a 3-dB 

bandwidth from 63.5 GHz to 91 GHz in the low-power mode, as depicted in 

Figure 2.26(b). Wideband input and output matching are also obtained, |S11| < -

12.1 dB and |S22| < -6.5 dB in the 3-dB bandwidth. Compared to simulated results, 

the 3-dB bandwidths of both scenarios reduce by ~8 GHz mainly due to the 

degradation of magnetic coupling coefficient. Such degradation is caused by 

randomized dummy metal fills. The dummy metal fills introduce additional 

parasitic capacitance, degrading inductance and quality factor, which were not 

fully considered in EM simulation. 
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Figure 2.26  Simulated and measured S-parameters: (a) in high-gain mode, (b) in 

low-power mode. 
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Figure 2.27 shows the measured reverse isolation and group delay of the proposed 

wideband LNA. Within the entire 3-dB bandwidth, the isolation is better than 45 

dB, and the group delay is 35 ps with a variation of ±5 ps. 
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Figure 2.27  Measured reverse isolation and group delay in high-gain mode. 

Figure 2.12 demonstrates noise figure measurement setup. This measurement 

setup utilizes the Y-factor method through turning on and off the noise source, 

which delivers a uniform level of noise power spectral density with a typical 

excess noise ratio (ENR) of 12 dB within the full W-band. To obtain a more 

accurate NF, a 2
nd

 stage calibration was performed to remove the noise figure of 

the spectrum analyzer, and the average of 20 measurements was taken. Due to the 

limitation of measurement setup, NF was measured from 75 GHz to 100 GHz. 
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The average NF of the high-gain mode is 6.8 dB with a minimum value of 5.5 dB 

at 90 GHz, while the LNA in the low-power mode exhibits an average NF of 7.6 

dB with a minimum value of 6.4 dB at 82 GHz, as depicted in Figure 2.28. 
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Figure 2.28  Simulated and measured noise figures in high-gain mode and low-

power mode. 

Figure 2.29 shows large-signal measurement setup. This setup is composed of a 

microwave signal generator, an active multiplier (×6) with output power of ~12 

dBm, a tunable attenuator with maximum attenuation of 40 dB, and a thermal 

power sensor. Before testing the LNA, point A was directly connected to point B 

to measure the input power. By tuning the attenuator, different levels of input 



65 

 

power were obtained. Then the output power of the LNA was measured through 

on-wafer testing. After de-embedding the insertion losses of GSG pads and cables, 

large-signal characterizations of the amplifier were achieved. 
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Figure 2.29  Large-signal measurement setup. 
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Figure 2.30  Measured output power versus input power at 80 GHz. 
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Figure 2.30 shows the measured output power of two modes as input power varies 

at 80 GHz. The proposed amplifier exhibits an output-referred P1dB of 5.0 dBm 

and PSAT of 8.2 dBm in high-gain mode, while those in low-power mode are 0.5 

dBm and 3.6 dBm, respectively. 

Table 2-6 summarizes the performance of the proposed broadband LNA and 

compares it to state-of-the-art LNAs. A commonly used Figure-of-Merit (FoM) 

[40] is adopted for comparison, which takes the power gain, 3-dB bandwidth, 

noise factor, and power consumption into account, defined as 

 
  DC

[abs.] [GHz]

1 [mW]




 

Gain BW
FoM

F P
  (2.23) 

The bandwidth of proposed LNA is significantly extended by the proposed pole-

converging technique without increasing power consumption and die size. To the 

author’s best knowledge, the presented LNA achieves the widest 3-dB bandwidth 

and the best FoM among multi-stage mm-wave LNAs in CMOS. 
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Table 2-6  Performance summary and comparison to state-of-the-art wideband mm-

wave LNAs 

Reference Technology Topology Gain 

(dB) 
BW† 

(GHz) 
NF 

(dB) 
Power 

(mW) 
VDD 

(V) 
Size 

(mm2) FoM 

[31] 

JSSC′10 

70-nm 

GaAs 
mHEMT 

4-stage 

CS 
25 40* 2.5 - 2.7 40 1.3 6.00 20.63 - 22.85 

[32] 
MWCL′15 

50-nm 

GaAs 

mHEMT 

5-stage 
CS 

26# 57# 3.2 - 4.8 24 - 2.00 23.46 - 43.50 

[33] 

TMTT′15 

0.10-µm 

GaAs 

pHEMT 

3-stage 

CS 
23 28 2.1 - 3.0 80 2.0 1.70 4.97 - 7.95 

[34] 

IMS′14 

50-nm 

GaAs 
mHEMT 

3-stage 

CS 
26 62# 1.3 - 2.3 45 2.0 3.62 39.37 - 78.78 

[45] 
MWCL′10 

0.18-µm 
SiGe 

2-stage 
cascode 

14.5 14.5 6.9 - 8.0 37 3.3 0.41 0.39 - 0.53 

[15] 

JSSC′11 

0.18-µm 

SiGe 

5-stage 

CE 
19 19# 8.0 - 12# 63 1.8 1.00 0.18 - 0.51 

[24] 

JSSC′13 

0.13-µm 

SiGe 

2-stage 

cascode 

22.5 30 6.0 - 7.2# 52 2.5 0.52 1.81 - 2.58 

25 70# 6.2 - 9.0# 54 2.5 0.33 3.32 - 7.27 

[36] 
JSSC′07 

0.18-µm 
CMOS 

Distributed 20 39.4 8.0 - 9.4 250 2.8 2.24 0.20 - 0.30 

[37] 

TMTT′13 

0.18-µm 

CMOS 
Distributed 24 33 6.5 - 7.5 238 2.8 0.83 0.48 - 0.63 

[38] 
TMTT′12 

65-nm 
CMOS 

Distributed 22 65 6.9 - 7.9 97 1.3 0.93 1.63 - 2.16 

[39] 

IMS′15 

0.18-µm 

CMOS 
Distributed 25 34 6.5 - 8.0 176 2.8 0.86 0.65 - 0.99 

[41] 

TMTT′12 

45-nm 
SOI 

CMOS 

3-stage 

CS 
10.7 18 6.0 - 11 52 1.4 0.32 0.10 - 0.40 

[42] 

JSSC′08 

65-nm 

CMOS 

3-stage 

cascode 
13.5 20 6.4 - 9.0# - 1.5 - - 

[43] 
EL′12 

90-nm 
CMOS 

3-stage 
cascode 

14 23 4.8 - 7.0# 32 2.0 0.22 0.90 - 1.78 

[18] 

JSSC′10 

65-nm 

CMOS 

5-stage 

cascode 
27 13.5# 6.8 - 9.0# 36 1.2 - 1.21 - 2.22 

[44] 
TMTT′15 

28-nm 
CMOS 

2-stage 
cascode 

13.8 18 4.0 - 5.8 24 2.0 0.38 1.31 - 2.43 

[46] 

IMS′12 

65-nm 

CMOS 

4-stage 

cascode 
25.3 20# 6.0 - 8.3 48 2.0 0.25 1.33 - 2.57 

[47] 

ISSCC′09 

65-nm 

CMOS 

4-stage 

CS 
14.8 21 7.5 - 9.0# 86 1.2 0.33 0.19 - 0.29 

[10] 
JSSC′11 

65-nm 
CMOS 

3-stage 
cascode 

15 12 7.0 - 10# 42 1.2 - 0.18 - 0.40 

This 

Work 

65-nm 

CMOS 

3-stage 

cascode 

13.3 27.5 6.4 - 8.5 12 1.2 
0.24 

1.73 - 3.12 

18.5 30  5.5 - 7.9 27 1.8 1.78 - 3.62 

 † 3-dB bandwidth; * about 4-dB bandwidth; # estimated value from figures 

 

mailto:14.8@90GHz
mailto:13.5@81GHz
mailto:14.8@90GHz


68 

 

2.4 Summary 

In this chapter, background and literature review of wideband LNAs are reported 

at the beginning. Then, two wideband LNAs are presented, together with the 

circuit analysis and design methodology. One is based on part peak-gain 

distribution, and the other is based on a novel pole-converging technique for intra-

stage bandwidth extension. The former wideband LNA achieves peak gain of 16.7 

dB at 104 GHz, minimum NF of 7.2 dB, and 3-dB bandwidth of 21.5 GHz with 

power consumption of 48.6 mW. The pole-converging-based LNA exhibits peak 

power gain of 18.5 dB, minimum NF of 5.5 dB, power consumption of 27 mW, 

P1dB of 5.0 dBm, and 3-dB bandwidth of 30 GHz. The bandwidth of this LNA is 

significantly extended by the proposed pole-converging technique without 

increasing power consumption and die size. To the author’s best knowledge, this 

LNA achieves the widest 3-dB bandwidth and the best FoM among multi-stage 

mm-wave LNAs in CMOS technologies. Furthermore, the pole-converging 

technique can be combined with other inter-stage bandwidth enhancement 

techniques to achieve greater bandwidth extension. 

Although the proposed pole-converging technique is adopted to design a 

wideband mm-wave LNA in this work, the design methodology can be extended 

to wideband amplifiers design at lower frequencies. In addition, an amplifier with 

variable gain or bandwidth can be achieved, if the gate inductor is switchable or 
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the magnetic coupling coefficient of the drain-source transformer is 

reconfigurable. 
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Chapter 3  

SDP-LNA-Based Direct-Detection Dicke 

Receiver 

Thanks to the aggressive progress of CMOS technology and promising 

applications of mm-wave imaging, the mm-wave imaging systems using CMOS 

platform have greatly evolved, and several approaches have been proposed in 

literature to implement CMOS mm-wave imaging systems. The building blocks 

are similar to those used in communication systems, but mm-wave imaging 

receiver detects the strength of radiation or reflection to construct object images, 

rather than modulated signal. In this chapter, a novel direct-detection Dicke 

receiver is implemented for mm-wave imaging systems. 
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3.1 Background and Literature Review 

Mm-wave imaging receiver employs two main architectures: direct detection 

(total-power radiometer) and heterodyne detection, no matter it is passive mm-

wave imaging or active mm-wave imaging. Direct-detection mm-wave imaging 

receiver is based on total-power radiometer, with a LNA at the front-end, as 

shown in Figure 3.1. The receiver is composed of a LNA, a power detector, and 

an optional low-frequency amplifier, followed by an integrator. Such a receiver 

acts as a single pixel of imaging systems, and the output voltage is proportional to 

incident RF signal strength. Figure 3.2 shows a typical heterodyne imaging 

receiver. The incident signal is amplified by a LNA, then down-converted to a 

lower frequency by a mixer, followed by an IF amplifier, a post-detector, and an 

integrator. Mixer is the most important component of heterodyne receiver, which 

contributes the most noise to heterodyne receiver and is responsible for its 

responsivity. 
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Figure 3.1  Imaging receiver based on direct-detection architecture. 
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Figure 3.2  Imaging receiver based on heterodyne architecture. 

Because of several advantages of no need of a local oscillator, low noise, low cost, 

and low power consumption, the direct detection receivers are utilized widely in 

the field of mm-wave imaging [56]. In general, heterodyne detection can provide 

very high spectral resolution because fIF ≪ f, while direct detection offers 

moderate spectral resolution. Compared to direct detection, the heterodyne 

detection presents some pros and several cons [57]. The pros of heterodyne 

detection are summarized as follows: (a) both frequency information and phase 

information can be detected; (b) IF amplifier can be implemented with high gain 

much more easily, so that the overall gain of the system can be made much larger; 

(c) conversion gain is proportional to PLO/Ps (PLO is power of local oscillator, and 

Ps is the power of radiant signal) and thus, much weaker incident signal power 

can be detected. The cons of heterodyne detection are summarized as follows: (a) 

LO distribution problem; (b) limitations of LO drive power; (c) large DC power 

consumption; (d) not easy to produce large format arrays. 
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In practice, no matter the imaging receiver is based on direct-detection or 

heterodyne reception, fluctuations of the overall RF-power-gain have great effects 

on receiver sensitivity. Imaging receivers themselves cannot distinguish between 

the change of radiant power and the fluctuations of RF-power-gain. The 

sensitivity of mm-wave imaging systems can be expressed in terms of the 

minimum temperature difference that can be detected. One Figure-of-Merit (FoM) 

of imaging systems is radiometer resolution, which describes the smallest change 

in input brightness temperature or radiance required to produce a post detection 

SNR of unit [10], [18], expressed as: 

 

2

min

1
S

G
T T

B G

  
   


 Equation Section (Next)(3.1) 

where Ts is the system noise temperature, B is the RF front-end bandwidth, τ is the 

receiver’s integration time, ΔG is the effective value of the imaging receiver gain 

variation, and G is the overall gain of the receiver front-end. 

In order to achieve a sufficient radiometer resolution, the value of ∆Tmin is 

typically on the order of 0.5 K [16], [58]. Because the temperature across a typical 

scene changes only a few K, too high ∆Tmin results in failing to capture usable 

images. However, the fluctuations of the system’s overall gain, the second item 

under the square root in (3.1), presents great effects on the ∆Tmin. For example, if 
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the power gain of the system is 30 dB, the system noise temperature is 3000 K, 

the RF front-end bandwidth is 10 GHz, the integration time is 20 ms, and the gain 

variation of 0.004 dB is assumed, ∆Tmin changes from 0.21 K to 3 K, much larger 

than 0.5 K for practical mm-wave imaging applications. Another critical issue 

about advanced CMOS technology is stronger flicker noise (1/f noise) compared 

to the III-V and SiGe technologies. The flicker noise can cause DC drift at the 

receiver’s output, which presents effects on the receiver sensitivity similarly as 

the front-end gain variation [10]. 
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Figure 3.3  Dicke receiver based on derect-detection architecture. 

The effects of the low-frequency front-end gain fluctuations and the flicker noise 

can be greatly alleviated through calibrating the receiver periodically using the 

Dicke-switch architecture [18], [59], [60]. Dicke is the first to introduce 

modulation principle for eliminating the impacts on radiometer resolution caused 

by the receiver instabilities [61]. The imaging receiver based on Dicke receiver 
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architecture is shown in Figure 3.3. The input of the LNA is switched by a single-

pole-double-through (SPDT) switch between a reference load resistor and the 

antenna at a frequency fM, which should be much higher than corner frequency. At 

the output of power detector, a multiplier switches the detector output to the 

integrator synchronously but in the opposite phase, so that the output voltage 

corresponding to reference load is subtracted from that introduced by the received 

signal. If the noise temperature TC from the reference resistor equals to the 

antenna noise temperature TA, the output voltage of the integrator is directly 

proportional to the signal power and modulated at the frequency fM. If the 

modulation frequency is high enough compared to the front-end gain variation 

frequencies, then it is possible to detect the RF signal without worrying about the 

receiver gain fluctuations and the DC drift caused by flicker noise. Nevertheless, 

for Dicke receiver, the signal is received when the switch is connected to the 

antenna, only half of the total time, leading to a 3-dB degradation of the 

radiometer resolution, expressed as (3.2). 

 min

2 ST
T

B
 


  (3.2) 

In literature, mm-wave imaging systems in CMOS have been greatly explored to 

achieve single-chip imaging receiver with small pixel size and low power 

consumption. In [18], the first W-band passive imaging receivers implemented in 
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a 65-nm CMOS technology were presented. Both total power radiometer and 

Dicke receiver were fabricated and discussed in this paper. The total power 

radiometer with a LNA at the input shows an average responsivity of 148 kV/W, 

NEP of 162 fW/Hz
0.5

, and ∆Tmin of 5.0 K. And the Dicke receiver is composed of 

a W-band CMOS LNA with power gain of 27 dB and noise figure of 6.8 dB, a 

differential square-law detector, and a W-band SPDT switch. With a supply 

voltage of 1.2 V, the Dicke receiver presents total power consumption of 38.4 

mW, an average responsivity of 60 kV/W, NEP of 381 fW/Hz
0.5

, and ∆Tmin of 

12.5 K. However, when the supply voltage is increased to 2.4 V, the gain of LNA 

is greater than 36 dB, and the Dicke receiver achieves 666-kV/W average 

responsivity, 36-fW/Hz
0.5

 NEP, and 1.1-K ∆Tmin. Although the ∆Tmin is decreased 

a lot, the power consumption of single pixel is as much as 110 mW. In [62], a 

fully differential CMOS passive imaging receiver was presented. The peak 

responsivity with an enable/disable switch is 1.6 MV/W and 1.8 MV/W, 

respectively, which is increased to 100 MV/W with an on-chip programmable 

gain amplifier (PGA). NEPs are 26 fW/Hz
0.5

 and 23 fW/Hz
0.5

, respectively, and 

∆Tmin is less than 2 K. In [10], a direct-conversion receiver front-end was 

implemented in a 65-nm CMOS technology. The responsivity is 16.147 MV/W, 

while ∆Tmin and average NEP are 1 K and 9 fW/Hz
0.5

, respectively. However, this 

CMOS radiometer utilizes multi-chip solution with front-end and baseband 

chipsets wire-bonded to a printed circuit board (PCB). Therefore, the total chip 
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size is quite large, i.e. 3 mm
2
, and the power consumption is 101.6 mW. Despite 

the large chip size and power consumption, this direct-conversion receiver 

demonstrates the lowest ∆Tmin among CMOS mm-wave imaging receivers 

reported so far. Table 3-1 summarizes the performance of state-of-the-art mm-

wave imaging receivers. 

Table 3-1  Performance summary of state-of-the-art mm-wave imaging receivers 

Reference 
[10] 

JSSC’11 

[15] 

JSSC’11 

[17] 

TMTT’10 

[18] 

JSSC’10 

[18] 

JSSC’10 

[62] 

EL’11 

Technology 
65-nm 

CMOS 

0.18-µm 

SiGe 

0.12-µm 

SiGe 

65-nm 

CMOS 

65-nm 

CMOS 

65nm 

CMOS 

Integration 

LNA 

Mixer 

PD 

BB 

LNA 

RTPS 

PD 

BB 

LNA 

SPDT 

PD 

LNA 

PD 

LNA 

SPDT 

PD 

LNA 

PD 

PGA 

3-dB BW 

(GHz) 
11 26 14 18 18 - 

NEP 

(fW/Hz
0.5

) 
8.8 10 21 162 36 26 

∆Tmin  

(K, 30ms) 
1 0.4 0.83 5 1.1 2.0 

Responsivity 

(MV/W) 
16 43 5 0.15 0.67 100

#
 

Power 

(mW) 
101.6 200 34.8 38.4 110 62 

Area 

(mm
2
) 

3 12.5 0.4 0.31 0.41 0.55 

PD = power detector; BB = baseband; 
#
 with programmable amplifier 

However, due to high substrate losses, poor device gain, and strong flicker noise, 

the ∆Tmin of CMOS imaging receivers is still larger than 0.5 K [10], [18], [62], as 

illustrated in Table 3-1. Furthermore, the insertion loss of Dicke switch directly 

increases front-end noise figure, which degrades the receiver sensitivity. The 
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insertion loss is not a big problem in the III-V semiconductor technologies 

because low-loss PIN diode switches are available. However, insertion loss of on-

chip SPDT switch in 65nm CMOS is around 4-5 dB [18], [63], [64]. System-level 

analysis indicates that 5-dB insertion loss prior to the LNA degrades the ∆Tmin by 

a factor of 3 [15]. 

 

Figure 3.4  Balanced LNA with embedded Dicke switch [15]. 

A novel structure proposed by Leland Gilreath in [15] eliminates the above 

mentioned problem by embedding Dicke switch in a balanced LNA, so that the 

effect from the insertion loss of the CMOS switch is minimized. Figure 3.4 
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illustrates the proposed balanced LNA with embedded Dicke switch. When both 

phase shifters are in the same state, namely both S1 and S2 are turned off, the 

incident signal power is amplified and delivered to the output port and the 

reference noise power is suppressed. On the contrary, when S1 and S2 are in the 

opposite state, the reference noise power is amplified and signal power is 

suppressed. In order to further increase the pre-detection gain, an additional LNA 

is employed after the balanced structure. 

Although the insertion loss of hybrid coupler at input is much smaller than that of 

SPDT, there are several drawbacks of this topology. Firstly, four bulky hybrid 

couplers dramatically increase the chip size. Secondly, three LNAs are adopted, 

increasing the chip area and system power consumption. Thirdly, two binary 

RTPSs present insertion loss of ~8 dB. The insertion loss of RTPS does not 

degrade the ∆Tmin and NF of imaging system as that of conventional Dicke switch, 

but reduces the power gain of RF front-end. 

3.2 Design Specifications 

Figure 3.5 shows the main block diagram of backscattering mm-wave imaging 

system for active imaging applications, which can also be used in the trans-
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missive mm-wave imaging system. No matter it is passive imaging or active 

imaging, there is no much difference in the receiver part. 

Control and  

Processing

PC Microwave 

source 

Multiplier to 

W-Band

     LNA
Power 

Detector
     VGAADC

Horn 

Antenna Lens

SPDT

Dicke-Switch 

Clock Generator fM

TC

Multiplier

Integrator

This Work

Horn 

Antenna

Lens

Transmitter

Receiver

Object

 

Figure 3.5  Block diagram of backscattering mm-wave imaging system. 

Sensitivity is one critical characteristic of imaging receiver because it determines 

the image quality and acquisition time. Passive imaging systems depend only on 

the black-body radiation, which is quite weak at mm-wave frequencies. And for 

active mm-wave imaging, higher sensitivity means lower illustration power, 

which is quite limited in CMOS technology. Besides, the path loss of free space is 

very large at mm-wave frequencies. The choice of frequency is based on a simple 

rule: lower frequency for deeper penetration of the dielectric materials; higher 

frequency for higher resolution. According to (3.3), with the transmission distance 

of 1 cm, the path loss (FSPL) is 31.5 dB at 90 GHz, which becomes 71.5 dB when 
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the distance is increased to 1 m. To alleviate the stress on the link budget of 

imaging systems, the receiver must have extremely high sensitivity. 

 10 10FSPL( ) 20log ( ) 20log ( ) 32.45dB d f     (3.3) 

where f is measured in units of GHz and d in m. 

This work focuses on the RF front-end design of the imaging receiver. Table 3-2 

summarizes the design specifications of the imaging receiver for active and 

passive mm-wave imaging applications. 

Table 3-2  Design specifications of the mm-wave imaging receiver and its main 

building blocks 

 Receiver LNA Power Detector 

Operation Frequency (GHz) 80-100 80-100 80-100 

Sensitivity (dBm) -60 - -30 

Responsivity (MV/W) 5 - 0.005 

NEP (pW/Hz
0.5

) 0.01 - 10 

∆Tmin (K) 0.5 - - 

Gain (dB) - 30 - 

NF (dB) 10 6 - 

Power Consumption (mW) 60 55 1 
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3.3 Implementation of SDP-LNA-Based Dicke Receiver 

As discussed previously, the gain fluctuations and the flicker noise exhibits great 

effects on the receiver sensitivity. Dicke receiver was proposed to alleviate such 

effects. However, on-chip SPDT switch in CMOS technology presents high 

insertion loss, ~4-5 dB, which directly degrades the system’s ∆Tmin and NF. In 

[15], an balanced LNA with embedded Dicke switch was proposed to eliminate 

the degradation introduced by insertion loss of SPDT switches. However, this 

approach dramatically increases the chip area due to the bulky RTPS, and 

therefore the cost of multi-pixel imaging systems. In this work, a switchable dual-

path LNA (SDP-LNA) is proposed in the design of Dicke receiver. Thanks to the 

internal switching of the SDP-LNA, the sensitivity degradation due to the 

insertion loss of Dicke switch is eliminated. The pole-converging technique for 

intra-stage bandwidth extension is adopted in the design of the SDP-LNA. Based 

on the SDP-LNA, a direct-detection Dicke receiver is designed and implemented 

in a 65-nm CMOS technology. 

Figure 3.6 shows the schematic of the SDP-LNA-based direct-detection Dicke 

receiver, which consists of a dual-path LNA with a path-enable controller, a 

power detector, and an output buffer. One input port of the SDP-LNA is used to 

inject RF signal, while the other input port is connected to a reference load 

resistor. The output port of the SDP-LNA is directly connected to the power 
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detector. An output buffer is utilized to drive the large load capacitor from testing 

equipment. 

Different from traditional Dicke receivers, the SDP-LNA-based Dicke receiver 

removes SPDT switches. Through the path-enable controller of the SDP-LNA, the 

input signal and reference load are switched periodically without degrading the 

radiometer resolution. In addition to the elimination of Dicke switch in the 

proposed Dicke receiver, the isolation between two input ports is also 

significantly enhanced due to the high isolation of cascode amplifiers. 
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Figure 3.6  Schematic of the proposed SDP-LNA-based direct-detection Dicke 

receiver. 
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3.3.1 SDP-LNA 

The SDP-LNA consists of two parts, switchable stages and shared stages, and 

each stage is a cascode amplifier. Pole-converging technique for intra-stage 

bandwidth extension is introduced in each stage to achieve high gain and wide 

bandwidth, except for the output stage, which functions as an output buffer. To 

obtain good reflection coefficients over a wide bandwidth, the input and output 

matching networks are designed with shunt-series transformer feedback and 

asymmetric T-coil gain peaking, respectively. 

The switchable stages are composed of two identical branches controlled by a 

path-enable controller, as shown in Figure 3.6. When Vsw is low, the upper path is 

enabled, otherwise, the under path is activated. When either path is enabled, the 

corresponding bias voltage is set to high and equals to VINV. By changing the 

value of VINV, various biasing voltage for the first two stages can be obtained. 

Note that, bypass capacitors CB1 are introduced to provide a good AC ground at 

bias points. By increasing the number of switchable stages, the isolation between 

two input ports can be further enhanced. However, the number of shared stage is 

reduced for a SDP-LNA with given total stages under the consideration of overall 

power consumption. Therefore, the symmetry uncertainty between the two signal 

paths is increased, which is undesired. 
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By using the gate-inductor gain-peaking and negative drain-source transformer-

feedback techniques in the intra-stages, the transfer function of each stage exhibits 

two dominant poles. With proper designs of drain-source transformer and gate 

inductor, a high-gain wideband LNA can be achieved without increasing the 

overall power consumption. The analyses of gate-inductor gain-peaking and 

negative drain-source transformer-feedback techniques are provided in Chapter 2. 

The drain-source transformer feedback is implemented in the common-gate (CG) 

amplifier of each cascode stage by magnetically coupling the drain inductor Ld 

and source inductor Ls. Furthermore, Ls tunes out the parasitic gate-source and 

gate-drain capacitances of the common-gate and common-source transistors, 

respectively, which leads to higher fT of cascode amplifiers. The gate terminal of 

the CG transistor is biased through a gate inductor Lg, which enhances the 

effective trans-conductance Gm. Therefore, Lg boosts the overall gain without 

extra power consumption. 

Based on the design methodology presented in Chapter 2, a five-stage cascode 

LNA with high gain and wide bandwidth can be achieved. The only modification 

is that one duplicate of first two stages is introduced as the second input branch 

and the outputs of two branches are combined at the input of third stage, as shown 

in Figure 3.6. All the inductors, transformers, and testing pads were custom 

designed with interconnections and simulated using the 3D EM simulator ANSYS 
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HFSS. Table 3-3 lists the design parameters of circuit elements in the SDP-LNA. 

All the transistors have a finger width of 1 µm with the minimum gate length, 

which results in a good compromise between gate-resistance reducing and fT 

degradation due to gate-bulk capacitance. 

Table 3-3  Design parameters of circuit elements in the SDP-LNA 

@80GHz L1 L2 L3 Lg Ls Ld Ld1 Ld2 

Ind. (pH) 45 27 89 71 108 55 39 63 

Q 10.3 13.7 12.1 13.3 15.1 9.6 12.6 13.2 

 k k1 k2 R C CB CB1 M1-M14 

 0.43 0.41 0.31 18 kΩ 176 fF 200 fF 1 pF 25 µm 

 

3.3.2 Power Detector 

In direct-detection receivers, a power detector is used to convert the input RF 

power to an output DC voltage. As shown in Figure 3.6, the power detector 

consists of M15 and RD with L3 and L4 forming input matching network. The gate 

of M15 is biased through a large resistor. A small bypass capacitor CB4 is used to 

filter out injected RF signal and its harmonics caused by the nonlinearity of power 

detector. 
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The power detector should operate in the square-law region; therefore, the input 

power and output voltage have a linear relationship. A short-channel transistor has 

a very linear I-V characteristic; nevertheless, it can generate relatively large 

second order harmonics by proper biasing [10]. Thus, the responsivity of power 

detector can be improved with optimal bias. The minimum NEP is obtained when 

the transistor is biased at where the derivative of responsivity in terms of bias 

current reaches its maximum, which occurs with the smallest transistor size and 

lowest bias currents [17]. However, smaller transistors exhibit increased flicker 

noise and increase the complexity of input matching network. Therefore, the final 

choice of transistor size is determined by a tradeoff among minimum NEP, flicker 

noise, and matching network. A transistor width of 25 µm with finger length of 1 

µm and minimum channel length of 65 nm is chosen with a bias current of 150 

µA for the detector to achieve good NEP and low flicker noise. 

3.4 Experimental Results 

The SDP-LNA-based direct-detection Dicke receiver was fabricated in 

GlobalFoundries 65-nm CMOS technology. Figure 3.7 and Figure 3.8 show the 

die micrographs of the standalone SDP-LNA and the Dicke receiver, respectively. 

The two dies occupy silicon sizes of 0.47 mm
2 

and 0.50 mm
2
, respectively, 

including all the pads. Under a supply voltage of 1.8 V, the standalone LNA 
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exhibits power consumption of 52.3 mW, while the power detector and output 

buffer consume 0.3 mW DC power under a 1.2-V power supply. The total power 

consumption of the SDP-LNA-based direct-detection Dicke receiver is 52.6 mW. 
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Figure 3.7  Die micrograph of the standalone SDP-LNA 
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Figure 3.8  Die micrograph of the SDP-LNA-based direct-detection Dicke receiver 
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Figure 3.9  Measured and simulated S-parameters and NF of the SDP-LNA 

Figure 3.9 depicts the measured and simulated S-parameters and NF of the SDP-

LNA. The SDP-LNA achieves a 3-dB bandwidth from 65.5 GHz to 91 GHz with 

peak gain of 26.8 dB at 70 GHz, and the power gains of two paths show good 

agreement with each other. The input return loss is better than 10 dB from 62 

GHz to beyond 110 GHz, while the output return loss is better than 8 dB within 

the entire 3-dB bandwidth. Compared to the simulated result, the frequency 

response shifts down ~10 GHz and the 3-dB bandwidth is reduced by ~11.5 GHz, 

mainly due to the degradation of magnetic coupling coefficient caused by 

randomized dummy metal fills. The net effect of having dummy metal fill shapes 

underneath the spiral then, is to increase the capacitance, thus inductances and 
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electromagnetic coupling factor of transformer are affected. Due to the limitation 

of measurement setup, NF was measured from 75 GHz to 100 GHz. The average 

NF is 7.1 dB with a minimum value of 6.4 dB at 83 GHz. The S12 (S32) is the 

reversion isolation and is better than 45 dB in the frequencies of interest, as 

shown in Figure 3.10. Higher reversion isolation means better stability. The S13 is 

the isolation between the two input ports and it is higher than 35 dB within the 

entire 3-dB bandwidth. Compared to the isolation of CMOS SPDT [18], that of 

the SDP-LNA exhibits more than 15-dB improvement because of the high 

isolation of cascode topology.  
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Figure 3.10  Measured isolation of the SDP-LNA 
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Figure 3.11 depicts the measurement setup of the proposed Dicke receiver. This 

setup is composed of a microwave signal generator, an active multiplier (×6) with 

output power of ~12 dBm, a tunable attenuator with maximum attenuation of 40 

dB, and a fixed 40-dB attenuator. Before testing the Dicke receiver, point A was 

directly connected to a W-band power meter to measure the power level. By 

tuning the attenuator, different levels of input power are obtained. The Dicke 

switch clock is provided by an external arbitrary waveform generator. The output 

voltages corresponding to the injected power and reference load are measured by 

an oscilloscope, as shown in Figure 3.12 and Figure 3.13. The voltage difference 

∆Vout is calculated by subtracting the output voltage corresponding to reference 

load from that introduced by the received signal.  
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Figure 3.11  Measurement setup of the SDP-LNA-based direct-detection Dicke 

receiver. 



92 

 

Pin = -40 dBm

∆Vout = 139 mV

 

Figure 3.12  Output waveform of the Dicke receiver under an 80-GHz input signal 

with power level of -40 dBm. 

Pin = -30 dBm

∆Vout = 489 mV

 

Figure 3.13  Output waveform of the Dicke receiver under an 80-GHz input signal 

with power level of -30 dBm. 

Figure 3.14 and Figure 3.15 illustrate the output voltages of the Dicke receiver 

under input RF signal with various power levels and frequencies, respectively. To 
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characterize the input power sensitivity and responsivity of the Dicke receiver, the 

power level of an 80-GHz input RF signal is swept from -15 dBm to -65 dBm 

under a Dicke switch clock of 100 KHz. The receiver achieves sensitivity of -60 

dBm and peak responsivity of 2.5 MV/W, as shown in Figure 3.14. The receiver 

demonstrates 3-dB bandwidth of 11.5 GHz and peak conversion gain of 12 dB, as 

depicted in Figure 3.15. To characterize the receiver bandwidth, a -40-dBm RF 

signal is injected into the receiver with frequency being swept from 75 GHz to 95 

GHz. The output voltage is recorded by the oscilloscope, and the conversion gain 

(CG) is calculated from (3.4). 

  2(dB) 10log 50out inCG V P    (3.4) 
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Figure 3.14  Output voltage and corresponding responsivity versus input power at 

80 GHz 
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Figure 3.15  Output voltage and corresponding conversion gain versus input signal 

frequency with power level of -40 dBm 

Two figure-of-merits are introduced for the comparison of imager sensitivity, 

NEP and ∆Tmin. NEP is defined as the input signal power that makes a SNR of 

unit in one hertz output bandwidth. Smaller NEP means better sensitivity. ∆Tmin 

describes the change in temperature of a thermal source required to produce post 

detection SNR of unit. According the definitions, the NEP and ∆Tmin of Dicke 

receiver can be derived as (3.5) and (3.7), respectively. 

 n

out

V B S
NEP

V S B
    (3.5) 

 
0

2 2

0

in

out out n

SNR S KT B S
F

SNR V V KT B
     (3.6) 
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 0

min

2 12 S
T FT

T
B B

 
  

 
  (3.7) 

where Vout is output voltage, Vn is output noise, K is the Boltzmann constant (K = 

1.38×10
-23

 J/K), S is the injection power at sensitivity level, B is receiver 

bandwidth, TS is system noise temperature in Kelvin, T0 is the room noise 

temperature (290 K), and τ is integration time (typically 30 ms). 

Calculated from (3.5)-(3.7), the NEP, NF, and ∆Tmin of the designed SDP-LNA-

based Dicke receiver are 9.3 fW/Hz
0.5

, 13 dB, and 0.65 K, respectively. 

Performance of the designed SDP-LNA is summarized in Table 3-4, and that of 

the SDP-LNA-based direct-detection Dicke receiver is summarized and compared 

to published mm-wave imaging receivers in Table 3-5. It is worth to mention that 

linearity is not a big concern for passive mm-wave imaging applications since the 

input signal, i.e., noise, collected by the antenna is quite low [65], [66]. Compared 

to the design specifications, the bandwidth of the receiver is much less than the 

design specification, which is mainly because of the mismatch between the LNA 

and power detector. The matching network is affected by the dummy metal fill 

and process variations, which were not fully considered. The degradation of the 

responsivity can be easily compensated by a low frequency amplifier. The 

prototype almost achieves the targeted NEP and ∆Tmin with less power 

consumption. 
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Table 3-4  Performance summary of the SDP-LNA and comparison to state-of-the-

art wideband mm-wave LNAs 

Reference Technology Topology 
Gain 

(dB) 

BW* 

(GHz) 

NF 

(dB) 

Power 

(mW) 

Size 

(mm2) 
FoM† 

[45] 

MWCL′10 

0.18-µm 

SiGe 

2-stage 

cascode 
14.5 14.5 6.9 - 8.0 37 0.41 0.39 - 0.53 

[15] 

JSSC′11 

0.18-µm 

SiGe 

5-stage 

CE 
19 19# 8.0 - 12# 63 1.00 0.18 - 0.51 

[24] 

JSSC′13 

0.13-µm 

SiGe 

2-stage 

cascode 

22.5 30 6.0 - 7.2# 52 0.52 1.81 - 2.58 

25 70# 6.2 - 9.0# 54 0.33 3.32 - 7.27 

[36] 

JSSC′07 

0.18-µm 

CMOS 
Distributed 20 39.4 8.0 - 9.4 250 2.24 0.20 - 0.30 

[37] 

TMTT′13 

0.18-µm 

CMOS 
Distributed 24 33 6.5 - 7.5 238 0.83 0.48 - 0.63 

[38] 

TMTT′12 

65-nm 

CMOS 
Distributed 22 65 6.9 - 7.9 97 0.93 1.63 - 2.16 

[39] 

IMS′15 

0.18-µm 

CMOS 
Distributed 25 34 6.5 - 8.0 176 0.86 0.65 - 0.99 

[41] 

TMTT′12 

45-nm 

SOI 

CMOS 

3-stage 

CS 
10.7 18 6.0 - 11 52 0.32 0.10 - 0.40 

[42] 

JSSC′08 

65-nm 

CMOS 

3-stage 

cascode 
13.5 20 6.4 - 9.0# - - - 

[43] 

EL′12 

90-nm 

CMOS 

3-stage 

cascode 
14 23 4.8 - 7.0# 32 0.22 0.90 - 1.78 

[18] 

JSSC′10 

65-nm 

CMOS 

5-stage 

cascode 
27 13.5# 6.8 - 9.0# 36 - 1.21 - 2.22 

[44] 

TMTT′15 

28-nm 

CMOS 

2-stage 

cascode 
13.8 18 4.0 - 5.8 24 0.38 1.31 - 2.43 

[46] 

IMS′12 

65-nm 

CMOS 

4-stage 

cascode 
25.3 20 # 6.0 - 8.3 48 0.25 1.33 - 2.57 

[47] 

ISSCC′09 

65-nm 

CMOS 

4-stage 

CS 
14.8 21 7.5 - 9.0# 86 0.33 0.19 - 0.29 

[10] 

JSSC′11 

65-nm 

CMOS 

3-stage 

cascode 
15 12 7.0 - 10# 42 - 0.18 - 0.40 

This 

Work 

65-nm 

CMOS 

5-stage 

cascode 
26.8 25.5 6.4 - 7.6 52.3 0.47 2.24 - 3.17 

* 3-dB bandwidth; # estimated value from figures; † based on Equation (2.23) 

 

 

mailto:14.8@90GHz
mailto:13.5@81GHz
mailto:14.8@90GHz


97 

 

Table 3-5  Performance summary of the SDP-LNA-based Dicke receiver and 

comparison to state-of-the-art mm-wave imaging receivers 

Reference 
[10] 

JSSC’11 

[15] 

JSSC’11 

[17] 

TMTT’10 

[18] 

JSSC’10 

[62] 

EL’11 
This  

work 

Technology 
65-nm 

CMOS 

0.18-µm 

SiGe 

0.12-µm 

SiGe 

65-nm 

CMOS 

65nm 

CMOS 
65-nm 

CMOS 

Integration 

LNA 

Mixer 

PD 

BB 

LNA 

RTPS 

PD 

BB 

LNA 

SPDT 

PD 

LNA 

SPDT 

PD 

LNA 

PD 

PGA 

LNA 

PD 

3-dB BW 

(GHz) 
11 26 14 18 - 11.5 

NEP 

(fW/Hz
0.5

) 
8.8 10 21 36 26 9.3 

∆Tmin  

(K, 30ms) 
1 0.4 0.83 1.1 2.0 0.65 

Responsivity 

(MV/W) 
16 43 5 0.67 100

#
 2.5 

Power 

(mW) 
101.6 200 34.8 110 62 52.6 

Area 

(mm
2
) 

3 12.5 0.4 0.4 0.55 0.5 

PD = power detector; BB = baseband; 
#
 with programmable amplifier 

3.5 Summary 

In this chapter, the recent development of CMOS mm-wave imaging systems is 

reported together with their pros and cons. To improve the performance of mm-

wave imagers, a novel direct-detection Dicke receiver with a switchable dual-path 

LNA (SDP-LNA) is designed and analyzed. Pole-converging technique for intra-

stage bandwidth extension is adopted in the design of the SDP-LNA. Under a 1.8-

V supply voltage, the SDP-LNA consumes 52.3 mW and exhibits peak power 
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gain of 26.8 dB, minimum NF of 6.4 dB, and 3-dB bandwidth of 25.5 GHz. Based 

on the SDP-LNA, a direct-detection Dicke receiver is implemented in a 65-nm 

CMOS technology. The prototype achieves NEP of 9.3 fW/Hz
0.5

 and ∆Tmin of 

0.65 K with power consumption of 52.6 mW. 
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Chapter 4  

Charge-Accumulation Super-Regenerative 

Receiver 

Direct detection and heterodyne detection remain dominant in communications as 

they offer the advantages of coherent detection and recovery of phase information. 

Nevertheless, there is no need or value to detect the phase information for mm-

wave imaging systems, which are based on power sensing. In addition, for an 

imaging focal plane array (FPA) with n × n pixels, the total power consumption 

and chip size will be inflated by a factor of n
2
. Imaging pixel (receiver) with low 

power and small size significantly saves the system power consumption and 

fabrication cost. Therefore, the super-regenerative reception architecture becomes 
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a promising competitor in mm-wave imaging applications. This chapter explores 

ultra-low power and low cost design techniques for mm-wave imaging systems. A 

charge-accumulation technique is proposed in the design of super-regenerative 

imaging receiver. The theory of super-regenerative reception, implementation of 

charge-accumulation super-regenerative receiver (CA-SRR), and experimental 

results are reported. 

4.1 Background and Literature Review 

The super-regenerative conception dates back to the inventions of Edwin 

Armstrong in 1922 [67], [68]. Armstrong was one of the greatest inventors in the 

early radio communications, whose inventions have become the fundamental of 

all modern radio, radar, and television. Armstrong had invented the regenerative 

circuit (1912), the super-heterodyne circuit (1918), the super-regenerative circuit 

(1922), and the frequency modulation system (1933) [69]. Although the super-

regenerative receiver has the drawback of low selectivity compared to its 

counterpart, the heterodyne receiver, this architecture is also widely used from 

radar identification of aircraft and ships in the wartime to modern wireless sensor 

networks [70]–[72]. 
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Due to low cost, simple topology, and low power consumption, super-

regenerative receivers are getting more and more attention in the field of low-

power wireless data links. Based on super-regenerative principle and on-off 

keying (OOK) modulation, a 2.4 GHz ultra-low power OOK single-chip 

transceiver was proposed in [73] for wireless body-area network (WBAN) 

applications, which is a special purpose sensor network used for communication 

among sensors and appliances, located on, in or around the human body, such as 

for medical and healthcare purposes. Besides the OOK modulation, there are 

several works to apply the super-regenerative conception to phase shift keying 

(PSK) and quadrature phase shift keying (QPSK) modulations [74], [75]. 

Preserving the phase information of RF signals is one of the characteristics of 

super-regenerative oscillator, which is well-known but usually unexploited fact 

[74]. However, the excessive received bandwidth of super-regenerative 

architecture results in inferior frequency selectivity for narrowband 

communications. Nevertheless, it is particularly appropriate for ultra-wideband 

(UWB) communications. The super-regenerative topology is very sensitive to 

time-domain-located energy, which can be seemed as a time-domain filter where 

the received signal is collected and filtered, so it is well suitable for UWB impulse 

signals [76]. 
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Recently, the super-regenerative principle is adopted in mm-wave imaging 

receivers [21], [22], [35], [77], and the performance of state-of-the-art super-

regenerative imaging receivers is summarized in Table 4-1. Because of the 

aggressive progress of CMOS technology, the fT/fMAX of transistors is greatly 

improved, leading to higher working frequency of super-regenerative oscillators. 

For advanced CMOS technology, the intrinsic device gain is very limited 

compared to III-V devices; however, super-regeneration provides extraordinary 

gain, which comes from the growth of oscillation. Besides, the super-regenerative 

circuits offer low power consumption and small circuit area, making it very 

attractive for multi-pixel mm-wave imaging systems. In [22], a time-encoded 

regenerative receiver (TRR) was proposed for mm-wave imaging applications 

with simple architecture and low power consumption. The regenerative receiver 

of the proposed TRR is controlled by a digital CMOS circuitry, and in each cycle, 

the TRR generates a time-encoded output signal. When the oscillator is engaged 

by the clock, the envelope of the oscillation begins to increase. Once it exceeds a 

designed threshold, a reset signal would be generated and the oscillation is 

terminated. The time between set and reset is inversely proportional to the 

incident signal power. However, the buildup process of SRO is extremely rapid, 

thus the time difference is small and hard to capture, especially at higher 

frequencies. In [77], an inter-modulated regenerative receiver (IRR) for tri-color 

mm-wave imaging was presented. In this topology, a conventional regenerative 
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receiver is employed as regenerative oscillator, which is quenched by the quench 

signal. A free-running oscillator at a lower frequency is directly injected into the 

regenerative oscillator. Because of high non-linearity, the injection of free-

running oscillator creates inter-modulation between the two frequencies within 

the regenerative oscillator, thus additional receiving bands are achieved. The great 

advantage of such architecture is that the receiver is able to operate beyond fMAX, 

which is not possible for traditional receivers. Nevertheless, this imaging receiver 

has relatively low sensitivity to the changes of input power level. A video 

amplifier could be used to amplify its output, but inevitably increases the overall 

receiver power consumption. 

Table 4-1  Performance summary of state-of-the-art mm-wave imaging receivers 

based on super-regenerative reception 

Reference [9] [10] [18] [21] [22] 

Technology 
65nm 

CMOS 

65nm 

CMOS 

65nm 

CMOS 

65/40nm 

CMOS 

65nm 

CMOS 

Frequency 

(GHz) 
140 81-91 81-93 349/495 183 

NEP 

(fW/Hz
0.5

) 
53 9 36 668/108

*
 1.51

*
 

∆Tmin  

(K, 30ms) 
1.5 1 1.1 n/a 0.45

#
 

Responsivity 

(MV/W) 
0.6 16.15 0.67 187/3180 1.3

†
 

Power 

(mW) 
152 101.6 110 18.2/5.6 13.5 

Area 

(mm
2
) 

0.228 3 0.4 0.45/0.11 0.013 

*calculated from (4.21); 
#
calculated from (4.23); 

†
time encoded (ms/W). 
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To improve the sensitivity of SRR, the theory of super-regenerative receiver is 

analyzed, and a charge-accumulation technique is proposed in the design of SRR 

for mm-wave imaging applications. 

4.2 Theory of Super-Regenerative Receiver 

The operation concept of super-regeneration is quite straightforward; however, 

the mathematical analysis is very complex because of the nonlinear and time-

varying nature of the SRR. A generic approach to the theory of super-regenerative 

receiver was presented by F.Xavier Moncunill-Geniz in 2005 [70]. And more 

recent works have further discussed the theory of SRR in the frequency domain 

[78], [79]. 

4.2.1 Block Diagram of SRR 

Figure 4.1 shows the detailed block diagram of the super-regenerative receiver. 

The variables shown in this figure represent the input and output voltages, which 

should be changed to current depending on different cases. The core of super-

regenerative receiver is the super-regenerative oscillator (SRO). Different from 

the general oscillators, which are expected to work in steady state, providing a 

stable periodic signal for RF communication systems, the SRO actually is a RF 
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oscillator controlled by quench oscillator at much lower frequency compared to 

the free oscillation frequency of the SRO. As a dynamic circuit, the SRO also 

presents transient response before reaching its maximum oscillation value. This 

transient response is used to filter and amplify weak RF signals, which is the 

principle of any super-regenerative receivers. 

Selective

Network

( )aK t

Quench

Oscillator

Envelope

Detector

Super-Regenerative 

Oscillator

ov evsvv

av

 

Figure 4.1  Block diagram of the super-regenerative receiver 

The SRO is modeled as a selective band-pass filter fed back through a time-

varying amplifier. The gain of the amplifier is controlled by the quench signal, 

which quenches the oscillation periodically. Without any incident RF signal, the 

oscillation is built up by thermal noise in a quite slow process, while the buildup 

process becomes much faster when RF signal with sufficient energy is injected 
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into the oscillator. Thus, the waveform of the oscillation consists of a series of RF 

pulses separated by the quench period, and the buildup time of the oscillator can 

be used as an indicator of the strength of incident RF signal. 
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Figure 4.2  SRO's input RF signal, quench signal, output voltage in the linear and 

logarithmic mode. 

Depending on the decay time of the super-regenerative oscillation, the operation 

of SRR is classified into two categories: linear mode and logarithmic mode. 
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Figure 4.2 shows the typical waveforms of super-regenerative receiver in the two 

modes. In the linear mode, the transient oscillation exponentially grows, but is 

damped before reaching the steady-state. The peak amplitude is proportional to 

the amplitude of the incident RF signal. When operating in the logarithmic mode, 

the oscillator is allowed to reach its maximum value, which is determined by the 

nonlinearity of the feedback amplifier and the supply voltage. The peak amplitude 

of output signal does not change, but the incremental area under the envelope is 

proportional to the logarithm of the strength of the injected RF signal. 

4.2.2 Circuit Model and Analysis 

The super-regenerative receiver has been modeled as a band-pass network fed 

back through a time-varying amplifier, which is controlled by a quench signal. 

Without loss of generality, the frequency selective network is assumed to have 

two dominant poles with a band-pass response centered at 0
 . Figure 4.3 shows 

the simplified parallel RLC circuit model of super-regenerative receiver, which is 

commonly used to analyze the behavior of SRO. The main parameters of the SRO 

circuit model are: resonant frequency ω0, quality factor Q0, characteristic 

impedance Z0, and quiescent damping factor ζ0. The following expressions can be 

derived: 
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Figure 4.3  Simplified parallel RLC circuit model of super-regenerative receiver. 
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Then, the impedance of the parallel RLC circuit can be expressed as: 

 
0 0

2 2

0 0 0

( )
2



  


 
RLC

Z s
Z s

s s
  (4.5) 
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On the condition that Gm (t) varies slowly enough with respect to ω0, the transfer 

function of SRO can be expressed as: 

 
0 0

2 2

0 0

( , ) ( )
( , )

( ) 1 ( ) ( ) 2 ( )

o RLC

a m RLC

V s t Z s Z s
H s t

I s G t Z s s t s
  

   



  
  (4.6) 

Where ζ(t) is the damping function and defined as: 

 0( ) (1 ( ) )   mt G t R   (4.7) 

t

dc
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Figure 4.4  Pole and zero locations of the SRR change with the damping function. 
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The only difference between (4.5) and (4.6) locates in the denominator where ζ0 is 

replaced by ζ(t). Thus, the feedback from trans-conductance Gm (t) can be viewed 

as a negative resistance that only affects the damping function of the super-

regenerative oscillator, and the SRR is modeled as a time-varying, second-order 

system. Unlike the linear time-invariant systems, the locations of pole and zero of 

SRR shifted between the left-hand side and the right-hand side of the complex 

plane periodically, due to the time-varying damping function ζ(t), as shown in 

Figure 4.4. The time-varying damping function leads to the buildup (negative ζ(t), 

A-) and decay (positive ζ(t), A+) of the oscillation periodically. In each cycle, the 

transient response of the SRR is used to filter and amplify the incident weak RF 

signal. 

As discussed in the beginning, there are two operation modes of super-

regenerative receiver: linear mode and logarithmic mode, depending on whether 

the oscillator is allowed to reach its maximum steady-state value. The Analysis of 

operation in the logarithmic mode is quite complex, and the following 

mathematical analysis is valid for the linear mode. 

Since ζ(t) varies slowly enough with respect to ω0, which is regarded as a constant 

in order to simplify the mathematical analysis., the super-regenerative receiver is 

characterized by the simplified differential equation: 
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'' ' 2 '

0 0 0 0( ) 2 ( ) ( ) ( ) 2 ( )      o o o av t t v t v t R i t   (4.8) 

The general solution of (4.8) can be expressed as the sum of the general solution 

of homogeneous equation and particular solution of the complete equation, 

namely the free response and the forced response: 

 ( ) ( ) ( ) o oh opv t v t v t   (4.9) 

Where voh(t) is the free response, vop(t) is the forced response. 

In practical applications, the free response is zero, which means the oscillation is 

completely quenched before the startup of a new cycle. Otherwise, the proceeding 

remnant oscillation will greatly affect the buildup of oscillation in the next cycle, 

which indicates that it shows little or no sensitivity to the input RF signal. Such 

phenomenon is called hangover, which must be avoided in order to ensure the 

oscillation in present cycle only depend on the incident RF signal. The sufficient 

quench can be achieved by pushing the poles far to the left-hand side, in other 

words, the damping function need to have a large positive value A+, shown in 

Figure 4.4. 

According to the general solution in [70], we can get the general expression of 

SRR’s output voltage in the linear mode by changing the input voltage to input 

current: 
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In order to get a compact expression, some parameters in literature can be reused: 

- Super-regenerative gain: 

 
0

0
( )    

t
b d

sK e   (4.11) 

- Normalized envelope of SRR output voltage: 

 
0 ( )
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- Sensitivity curve: 

 
0

0
( )

( )
   
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Then, the output voltage of SRR can be expressed as: 

 '

0 0( ) 2 ( ) ( ) ( )sin ( )      
a

t

o s a
t

v t R K p t i s t d   (4.14) 

Suppose that incident RF signal is expressed as (4.15), which is only received in 

the interval (ta, tb), and the carrier frequency is the resonant frequency. 

 0( ) ( )cos( )a ci t Ip t t     (4.15) 
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Where pc(t) is the normalized pulse envelope and I is the peak current. pc(t) is 

supposed to be zero beyond the interval (ta, tb). Then the response of the super-

regenerative receiver is: 

 0( ) ( )cos( )o s rv t IRK K p t t     (4.16) 

Where Kr is the regenerative gain, expressed as: 

 
0 0 ( ) ( )

b

a

t

r c
t

K p s d        (4.17) 

The regenerative gain illustrates that sensitivity curve s(t) acts as the function that 

weights the incoming signal envelope pc(t). Thus, the more energy concentrates 

around the peak of the sensitivity curve, the higher regenerative gain the receiver 

presents. 

4.3 Implementation of CA-SRR 

Instead of directly detecting the oscillation buildup time (logarithmic mode) or 

peak amplitude (linear mode) of SRO, a charge-accumulation (CA) technique is 

proposed in the design of a 100-GHz linear-mode SRR. By accumulating the 

output charge of peak detector, the output voltage is greatly enhanced, leading to 

extremely high responsivity and sensitivity with ultra-low power consumption. 
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Furthermore, a new power-injection method is adopted without loading the LC-

tank of SRO. Figure 4.5 shows the schematic of the proposed CA-SRR, which 

consists of a super-regenerative oscillator, a peak detector with a current mirror 

and a load capacitor, and a quench controller. 
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Figure 4.5  Schematic of the proposed charge-accumulation super-regenerative 

receiver (nets with the same label are connected together). 

M1-M2, L, and C form the SRO with a free-running frequency of 100 GHz. The 

core of CA-SRR is the SRO, which is an RF oscillator controlled by a low-

frequency quench signal, quenching the oscillation periodically. The buildup time 
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of oscillation is affected by the power level of input RF signal, while the 

oscillation is controlled by a quench signal through changing the bias of the tail 

current source M3. M4, M5, CB, and diode-connected M6 compose the peak 

detector, which operates similarly to a diode-based rectifier, extracting the RMS 

power information from the super-regenerative oscillation. The CB is a bypass 

capacitor to filter out the fundamental frequency of SRO and its harmonics. The 

diode-connected M6 is part of current mirror, thus the output current of peak 

detector is copied to the load capacitor CL. A quench controller is introduced to 

control the quench signal and reset signal. M13 and M14 form an inverter, and M12 

and M15 compose a transmission gate controlled by the control signal, Vctrl. When 

Vctrl is high, the SRO is enabled and CL is repeatedly charged by the output 

current of peak detector. When Vctrl changes to the low state, the SRO is disabled 

to prevent introducing charge into the load capacitor, and CL is reset for the next 

cycle. All the design parameters are listed in Table 4-2. 

Table 4-2  Component parameters of CA-SRR 

L C CB CL M1-2 M3 

60 pH 13 fF 200 fF 20 pF 5/0.06 20/0.06 

M4-5 M6-7 M8-9 M10-11 M12-13 M14-15 

8/0.06 5/0.30 10/0.30 10/0.06 1.5/0.06 3/0.06 

   Transistors: W/L (µm/µm) 
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(a) (b)

Pin = -40 dBm

Pin = -60 dBm

Pin = -80 dBm

Vout = 545 mV @ -40 dBm

Vout = 390 mV @ -60 dBm

Vout = 176 mV @ -80 dBm

(c)
 

Figure 4.6  Simulated transient responses of CA-SRR at different injection power 

levels: (a) transient responses of SRO under a 200-MHz quench signal, (b) output 

currents of peak detector and charging process of the load capacitor, (c) output 

voltages under a reset period of 2 µs. 

Note that a new power injection method is adopted, as shown in Figure 4.5. The 

conversional power injection is implemented by a single common-source (CS) 

amplifier, which has no gain but prevents the low impedance antenna from 

loading the SRO [21]. However, this amplifier increases the power consumption 

and introduces imbalance to the LC-tank. Besides, the reverse isolation of CS 

amplifier is poor due to the parasitic gate-drain capacitance at mm-wave 

frequencies. The oscillation of SRO will coupled to the antenna, leading to strong 
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interferences to other adjacent pixels in the FPA. In the proposed CA-SRR, as 

shown Figure 4.5, the input signal is injected into the common-mode node of two 

capacitors and is coupled to the LC-tank though capacitive coupling without 

loading the SRO. Thanks to the balanced operation of SRO, the fundamental 

frequency is greatly suppressed at the common-mode node. 

Figure 4.6 illustrates the simulated transient responses of the proposed 100-GHz 

CA-SRR with component parameters listed in Table 4-2. A 200-MHz quench 

signal is adopted to make the SRR work in the linear mode. With the increasing of 

input power level, the buildup process of the SRO becomes faster and the peak 

value of output current increases, as a result, the output voltage increases. 

Since the SRO keeps operating in the linear mode, a linear relationship between 

the average value of output current Iout and input power Pin can be assumed as: 

 out inI P    (4.18) 

where α is a constant determined by the nonlinearity of the SRO, related to (4.16). 

Then the output voltage Vout of the CA-SRR can be expressed as: 

 
 

2

2

out R R in
out

L P L P

I T T P
V

C C C C

  
 

 
  (4.19) 
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where TR is the period of reset signal with 50% duty cycle, β is the ratio between 

the effective charging time per quench cycle and the quench signal period, which 

is determined by the dumping function, as shown in Figure 4.4. By increasing the 

reset signal period, or reducing the load capacitance, the output voltage is greatly 

enlarged, as well as the responsivity of the CA-SRR, which is defined by the ratio 

of output voltage divided by the input power. However, small CL is fully charged 

quickly, thus the resolution is unacceptably degraded for a given reset period. In 

practice, a large CL is utilized with a low-frequency reset signal. Therefore, CL 

can absorb more current pulses before saturation. As a result, the output voltage 

difference under various input power levels is also accumulated, enhancing the 

responsivity and resolution. 

4.4 Experimental Results 

Figure 4.7 shows the die micrograph of the fabricated CA-SRR in 

GlobalFoundries 65-nm CMOS technology, which occupies silicon area of 0.50 

mm × 0.81 mm with a core area of 0.023 mm
2
. Under a power supply of 1.2 V, 

the CA-SRR presents power consumption of 0.9 mW. 

Figure 4.8 depicts the measurement setup of the proposed CA-SRR. An mm-wave 

signal source chain is utilized to generate the input RF signal with variable power 
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levels. This setup is composed of a microwave signal generator, an active 

multiplier (×6) with output power of ~12 dBm, a tunable attenuator with 

maximum attenuation of 40 dB, and a fixed 40-dB attenuator. Before testing the 

CA-SRR, point A was directly connected to a W-band power meter to measure 

the power level. By tuning the attenuator, different levels of input power were 

obtained. The quench signal and reset signal are provided by an arbitrary 

waveform generator. The output voltage of the receiver is captured by an 

oscilloscope. Figure 4.9 shows the output waveforms of the CA-SRR under 100-

GHz input signal with different input power levels. 

VDD

RFin

Vquench

VctrlVoutVPD

Decoupling 

Capacitor

CL SRO

0.21mm x 0.11mm 

 

Figure 4.7  Die micrograph of the CA-SRR. 
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Figure 4.8  Measurement setup of the CA-SRR. 

Pin = -60 dBm

Vout = 433 mV

Pin = -40 dBm

Vout = 665 mV

 

Figure 4.9  Output waveforms of the CA-SRR under 100-GHz input signal with 

different power levels. 
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Figure 4.10  Output voltage and corresponding responsivity versus input power at 

100 GHz 
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Figure 4.11  Output voltage and corresponding conversion gain versus input signal 

frequency with power level of -40 dBm. 
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Figure 4.10 and Figure 4.11 illustrates the output voltages of CA-SRR under input 

RF signal with various power levels and frequencies, respectively. To characterize 

the input power sensitivity and responsivity of the proposed CA-SRR, the power 

level of a 100-GHz input signal is swept from -20 dBm to -80 dBm. Due to the 

system noise, the buildup process becomes faster than that of simulation, so a 

250-MHz quench signal is used. The CA-SRR achieves a sensitivity of -67 dBm 

and a responsivity of 1068 MV/W under a reset signal with period of 2 µs, as 

shown in Figure 4.10. Note that the responsivity is inversely proportional to the 

input power. Due to the effect from receiver noise, the buildup process is much 

faster, and the sensitivity is greatly degraded by the noise. The receiver 

demonstrates 3-dB bandwidth of 5 GHz and peak conversion gain of 29.5 dB, as 

depicted in Figure 4.11. To characterize the receiver bandwidth, a -40-dBm RF 

signal is injected into the CA-SRR with frequency being swept from 95 GHz to 

105 GHz. The output voltage is recorded by the oscilloscope, and the conversion 

gain (CG) is calculated from (4.20). 

  2(dB) 10log 50out inCG V P    (4.20) 

Two figure-of-merits are introduced for the comparison of imager sensitivity, 

NEP and ∆Tmin. NEP is defined as the input signal power that makes a SNR of 

unit in one hertz output bandwidth [10], [21]. ∆Tmin describes the change in 

temperature of a thermal source required to produce post detection SNR of unit. 
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According the definitions, the NEP and ∆Tmin can be derived as (4.21) and (4.23), 

respectively. Smaller values indicate better sensitivity. 

 n

out

V B S
NEP

V S B
    (4.21) 

 
0

2 2

0

in

out out n

SNR S KT B S
F

SNR V V KT B
     (4.22) 

 
 0

min

1
S

T FT
T

B B

 
  

 
  (4.23) 

where Vout is output voltage, Vn is output noise, K is the Boltzmann constant (K = 

1.38×10
-23

 J/K), S is the injection power at sensitivity level that results in SNRout 

of unit (Vout equals to Vn), B is the receiver bandwidth, TS is the system noise 

temperature in Kelvin, T0 is the room noise temperature (290 K), and τ is 

integration time (typically 30 ms). Calculated from (4.21)-(4.23), the NEP, NF, 

and ∆Tmin of the CA-SRR are 2.8 fW/Hz
0.5

, 10 dB, and 0.21 K, respectively. 

Performance of the proposed CA-SRR is summarized and compared to state-of-

the-art mm-wave imaging receivers in Table 4-3. The CA-SRR exhibits the best 

∆Tmin, lowest power consumption, and compact size. 
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Table 4-3  Performance summary of CA-SRR and comparison to state-of-the-art 

mm-wave imaging receivers 

Reference [9] [10] [18] [21] [22] This work 

Technology 
65nm 

CMOS 

65nm 

CMOS 

65nm 

CMOS 

65/40nm 

CMOS 

65nm 

CMOS 
65nm 

CMOS 

Frequency 

(GHz) 
140 81-91 81-93 349/495 183 100 

NEP 

(fW/Hz
0.5

) 
53 9 36 668/108

*
 1.51

*
 2.8

*
 

∆Tmin  

(K, 30ms) 
1.5 1 1.1 n/a 0.45

#
 0.21

#
 

Responsivity 

(MV/W) 
0.6 16.15 0.67 187/3180 1.3

†
 1068 

Power 

(mW) 
152 101.6 110 18.2/5.6 13.5 0.9 

Area 

(mm
2
) 

0.228 3 0.4 0.45/0.11 0.013 0.023 

 *calculated from (4.21); 
#
calculated from (4.23); 

†
time encoded (ms/W). 

4.5 Summary 

A charge-accumulation technique and a new injection method were adopted in the 

design of a 100-GHz SRR. The fabricated CA-SRR achieves high responsivity of 

1068 MV/W and excellent radiometer resolution of 0.21 K with ultra-low power 

consumption of 0.9 mW and small core size of 0.023 mm
2
. Focal plane arrays 

using the implemented CA-SRR will significantly enhance the sensitivity, reduce 

the fabrication cost, and save system power consumption. 
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Chapter 5  

Conclusions and Future Work 

In this chapter, the conclusions of the whole dissertation will be drawn and some 

recommendations for the future work will be presented. 

5.1 Conclusions 

The author's research work is focused on the CMOS integrated circuits for mm-

wave imaging applications. Two broadband LNAs in 65-nm CMOS for mm-wave 

imaging receivers were proposed and analyzed. One is based on part peak-gain 

distribution, and the other is based on pole-converging technique. A direct-



126 

 

detection Dicke receiver was designed based on a novel SDP-LNA, which 

eliminates the sensitivity degradation due to the insertion loss of Dicke switch. In 

addition, charge-accumulation technique was proposed in the design of ultra-low-

power and low-cost mm-wave super-regenerative receiver. All the proposed 

designs were verified through on-wafer measurements and competitive results 

were obtained. 

Firstly, two wideband LNAs for mm-wave imaging receivers in 65-nm CMOS 

were reported. The first one is a five-stage cascode LNA based on part peak-gain 

distribution technique. By distributing the peak gains of first four stages at two 

frequency points, the LNA achieves a flat gain response over a wide bandwidth. 

The measurement results show that the amplifier features peak gain of 16.7 dB at 

104 GHz, minimum NF of 7.2 dB, and 3-dB bandwidth of 21.5 GHz. The LNA 

consumes 48.6 mW and occupies a compact core area of 0.05 mm
2
. The second 

one is a three-stage cascode LNA based on a novel pole-converging technique for 

intra-stage bandwidth extension. The bandwidth is significantly extended by the 

proposed technique without increasing power consumption and die size. The 

fabricated prototype features peak gain of 18.5 dB, minimum NF of 5.5 dB, and 

3-dB bandwidth of 30 GHz with power consumption of 27 mW. To the author’s 

best knowledge, this LNA achieves the widest 3-dB bandwidth and the best FoM 
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among multi-stage mm-wave LNAs in CMOS technologies. Figure 5.1 illustrates 

the FoM of the proposed LNAs and the state-of-the-art mm-wave LNAs in CMOS. 
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Figure 5. 1  FoM of the proposed LNAs and the state-of-the-art mm-wave LNAs in 

CMOS. 

Secondly, a SDP-LNA-based direct-detection Dicke receiver for mm-wave 

imaging systems was demonstrated. Pole-converging technique for intra-stage 

bandwidth extension was adopted in the design of the SDP-LNA. Thanks to the 

internal switching of SDP-LNA, the sensitivity degradation due to the insertion 

loss of Dicke switch is eliminated. Under a 1.8-V supply voltage, the standalone 

SDP-LNA consumes 52.3 mW and exhibits peak power gain of 26.8 dB, 

minimum NF of 6.4 dB, and 3-dB bandwidth of 25.5 GHz. The SDP-LNA-based 
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direct-detection Dicke receiver achieves NEP of 9.3 fW/Hz
0.5

 and ∆Tmin of 0.65 K 

with total power consumption of 52.6 mW. 

Thirdly, a CA-SRR in 65-nm CMOS was presented. By accumulating the output 

charge of peak detector, the output voltage is greatly enhanced, leading to 

extremely high responsivity and sensitivity with ultra-low power consumption. 

The fabricated CA-SRR achieves high responsivity of 1068 MV/W, NEP of 2.8 

fW/Hz
0.5

 and ∆Tmin of 0.21 K with ultra-low power consumption of 0.9 mW and 

small size of 0.023 mm
2
. 
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Figure 5. 2  NEP and power consumption of the proposed imaging receivers and the 

state-of-the-art mm-wave imagers. 
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Figure 5.2 shows the NEP and power consumption of the proposed imaging 

receivers and the state-of-the-art mm-wave imagers in CMOS. Compared to the 

published mm-wave imagers, the SDP-LNA-based Dicke receiver achieves a 

comparable NEP with lower power consumption. Nevertheless, power 

consumption of the proposed Dicke receiver is more than 50 mW, and chip size is 

quite large. The proposed CA-SRR presents a NEP of 2.8 fW/Hz
0.5

 with power 

consumption of 0.9 mW, which is much better than previous works. Focal plane 

arrays using the implemented CA-SRR will significantly enhance receiver 

resolution, reduce fabrication cost, and save system power consumption. 

5.2 Recommendations for Future Work 

In this research, several integrated circuits for mm-wave imaging applications 

were implemented in GlobalFoundries 65-nm CMOS technology, and all the 

prototypes demonstrated excellent performance. Nevertheless, there are several 

recommendations and improvements for the future work. 

First, although the proposed SDP-LNA is adopted to design a direct-detection 

Dicke receiver for mm-wave imaging systems, the SDP-LNA can be extended to 

the design of switchable multiband LNA for multiband applications, such as 

imaging, automatic radar, and other communication systems. The design 
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challenge of multiband LNA is to configure the matching networks for different 

frequency bands without degrading RF performance, especially NF. The input and 

output matching networks of conventional multiband LNAs are tunable or 

switchable to achieve multiband frequency response. However, it is hard to 

achieve low NF under each band, which is greatly affected by the input matching. 

One method to alleviate this problem is to adopt the proposed SDP-LNA. Since 

the NF of LNA is mainly determined by the first two stages, the two switchable 

branches is configured at separated operation frequencies, achieving power 

matching and noise matching, respectively. The shared stages use the traditional 

methods to obtain multiband operations. Therefore, it is possible to achieve high 

performance multiband amplifiers based on the proposed SDP-LNA. 

Second, antenna is an indispensable component for imaging systems. Patch 

antenna and dipole antenna are two widely used on-chip antennas. However, 

CMOS on-chip antenna exhibits relatively low radiation efficiency and gain. Thus, 

to improve on-chip antenna performance, new design technique or antenna 

structure should be explored. Integrated with on-chip antennas and digital 

circuitry, it is possible to design a focal plane array with low cost and low power 

consumption using the proposed CA-SRR presented in Chapter 4. 

Third, the operation frequency of imaging systems will be pushed towards to 

terahertz (THz) (300 GHz – 3 THz). This spectrum range is called THz gap, 
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loosely describing the lack of adequate technologies to effectively bridge this 

transition region between electronics and optics. However, advanced CMOS 

technology makes the implementation of THz imaging system possible. Due the 

extremely short wavelength, the spatial resolution of imaging system is 

significantly enhanced, leading to more distinct imaging, which can be used for 

tumor recognition, genetic screening, and spectroscopy. Furthermore, the size of 

passive components is greatly reduced, such as antennas and inductors. 

Nevertheless, due to high substrate losses, inductor quality factor and antenna 

gain are relatively low; besides, the device gain is quite limited. Given all the 

promising applications and technical challenges, THz imaging in CMOS 

technology is a new exciting research area. 
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