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  Abstract—A 60-GHz joint radar-communication (JRC) 

transceiver is presented in this paper. To achieve a compact JRC 

transceiver architecture with highly-reused RF modules, a 

dedicated reconfigurable dual-mode Gilbert cell is proposed. 

Specifically, in the communication mode, the dual-mode Gilbert 

cells operate as conventional up-conversion mixers to modulate 

the baseband communication data, while it could also be 

configured as an amplifier to strengthen the LO signal in the 

radar mode. Compared with the quadrature IF chirp modulation 

scheme in which the chirp bandwidth is constrained by the 

narrowband IF devices, in this work a wideband chirp generated 

directly from the LO chain could be applied for radar sensing, 

significantly improving the range resolution in the radar mode. 

Besides, the direct RF de-chirping could also relieve the 

hardware burden during radar signal processing compared with 

the digital de-chirping utilized in the IF chirp modulation scheme. 

Fabricated in a 65-nm CMOS process, this JRC transceiver 

realizes an ultra-compact chip size, and a 16-dBm saturated TX 

output power, an 11-dBm OP1dB, and a 5.8-dB minimum RX 

noise figure (NF) is also achieved. Experiments demonstrate that 

the proposed JRC transceiver supports >4 GHz transmitted 

chirp bandwidth with <3.75 cm range resolution in the radar 

mode, and a mechanical vibration with 1-μm displacement is 

successfully detected. Besides, a >7 Gb/s data rate in the 16-QAM 

over-the-air (OTA) communication is also demonstrated. 

 

Index Terms—60 GHz, Dual-mode Gilbert cell, highly-reused 

architecture, joint radar-communication (JRC), transceiver. 

I. INTRODUCTION 

AST decades have witnessed the magnificent 

development of radar sensing [1], [2], [3] and wireless 
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communications [4], [5]. Originating from the RF/wireless 

technology, radar and wireless communication have evolved 

independently in their own unique ways for a long time. 

Recently, under the broader context of 6G and Internet of 

Things (IoT), these two technologies are anticipated to 

converge, driven by their complementary functionalities [6], 

[7], [8], [9]. By organically integrating radar sensing and the 

communication functionalities into one system, wireless 

communication could achieve accurate beam alignment with 

the help of radar sensing, while the real-time radar data could 

be promptly shared among user nodes with wireless 

communication [10], [11]. This integrated sensing and 

communication (ISAC) technique could facilitate decision-

making in applications such as autonomous vehicles, smart 

cities, and industrial automation [12], [13], [14], paving the 

way for innovative services and solutions that require 

seamless interaction between sensing and communication 

technologies. 

As the foundation of ISAC, the studies of high-performance 

joint radar-communication (JRC) systems have attracted much 

attention. In terms of operating principles, radar sensing is 

realized by transmitting electromagnetic (EM) waves and 

analyzing the delays of the EM waves reflected from the 

targets, while wireless communication is achieved by 

demodulating the received EM signal to recover the carried 

data. Although the baseband signal processing approaches in 

radar and communication systems are different from each 

other, their RF front-ends are quite similar. Therefore, there is 

a high potential to integrate a common RF front-end that 

adapts to both systems, which could greatly improve the 

hardware reusability and reduce the costs, in particular for the 

multi-channel transceivers [15], [16], [17], [18]. 

So far, plenty of efforts have been devoted to integrating 

transceiver systems with JRC functionalities. As shown in Fig. 

1(a), a 28-nm D-band JRC transceiver utilizing mode 

multiplexers is presented [19]. In the communication mode, 

the transceiver features a conventional heterodyne 

architecture. While in the radar mode, the quadrature mixers in 

both the transmitter (TX) and the receiver (RX) are physically 

bypassed by the proposed mode multiplexers, and the LO 

signal is configured into the FMCW signal for radar sensing. 

In the TX, the frequency doubler together with the mixer 

functions as a frequency tripler for the LO chirp, and in the 

RX, a single path down-conversion is applied for de-chirping 
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to generate the beat signal. In this architecture, as few circuit 

modules are reused in both operating modes, the chip size is 

inevitably large. Besides, the RX adopts a single-path 

baseband in the radar mode, which would sacrifice the RX 

signal-to-noise ratio (SNR) compared with the quadrature 

architecture [20]. To avoid redundant mode multiplexers and 

reuse as many RF modules as possible, a configurable TX IF 

scheme is proposed for JRC realization [21], [22], [23], and its 

operating principle is shown in Fig. 1 (b). This JRC 

transceiver features a conventional direct-conversion 

architecture. In the communication mode, the baseband 

communication data are provided by the IF signal generator, 

which could also provide the quadrature IF chirps in the radar 

mode. As more circuit blocks are reused, this architecture 

achieves a much more compact chip size. However, it should 

be noted that, in order to demodulate the chirp signal and 

obtain the beat signal in the RX, an additional digital de-

chirping process is required, significantly increasing the 

hardware burden compared with the direct RF de-chirping 

scheme. Moreover, the achievable chirp bandwidth is 

restricted within 1 GHz due to the limited bandwidth of the 

external IF devices, inducing relatively low range resolutions 

(>15 cm) in the radar mode. 

To address the aforementioned issues, in this paper a novel 

60-GHz JRC transceiver utilizing reconfigurable dual-mode 

Gilbert cells is proposed as illustrated in Fig. 1(c). In the 

communication mode, the dual-mode Gilbert cell functions as 

a conventional up-conversion mixer, and thus the transceiver 

also features a direct conversion architecture. While in the 

radar mode, the single-tone LO signal will be configured into 

the chirp signal, and the dual-mode Gilbert cells could be 

configured as amplifiers to drive the LO chirp. As a result, the 

chirp signal generated from the LO chain could be directly 

transmitted for radar sensing. In the RX, different from the IF 

chirp modulation scheme that requires digital de-chirping for 

the radar signal processing, the direct RF de-chirping 

leveraged in this work significantly reduces the ADC 

sampling rate as well as the computation burden in the radar 

mode. In addition, the absolute bandwidth of the devices 

operating in the LO band is much wider than that in the IF 

band, and thus the LO chirp bandwidth in this work could be 

further extended for a higher range resolution compared with 

the IF chirps. Benefiting from the proposed reconfigurable 

dual-mode Gilbert cells, an efficient and highly-reused JRC 

transceiver is realized. Fabricated in a 65-nm CMOS process, 

the proposed JRC transceiver achieves a saturated TX output 

power of 16 dBm with an OP1dB of 11 dBm, and the measured 

LO feedthrough (LOFT) suppression is better than 46 dBc. 

The variable RX gain ranges from 20 to 75 dB with a 

minimum 5.8-dB noise figure (NF) according to the 

measurement result. Experiments demonstrate that the 

proposed JRC transceiver supports >4 GHz chirp bandwidth 

with a <3.75 cm range resolution in the radar mode, and a 

mechanical vibration with 1-μm amplitude is successfully 

detected based on the phase extractions of the radar beat 

signals. Besides, a >7 Gb/s data rate in 16-QAM over-the-air 

(OTA) communication is also realized. 

This article is an expanded version of [24]. Compared with 

[24], the feasibility of the quadrature dual-mode Gilbert cells 

in the radar mode is newly demonstrated with the 

consideration of quadrature imbalance. Meanwhile, more 

design details of the circuit modules in the proposed JRC 

transceiver are supplemented. Moreover, more experiment 

results are demonstrated especially on μm-level vibration 

detection, further demonstrating the sensing ability of the 

proposed JRC architecture. 

This article is organized as follows. Section II analyzes the 

operating principle and the feasibility of the quadrature dual-

mode Gilbert cells in radar sensing. Section III presents the 

system design considerations including the detailed 

transceiver architecture, the system sensitivity analysis, and 

the link budgets. Section IV introduces the design of the 

detailed circuit modules, and Section V demonstrates the 

experimental results of the transceiver. The conclusion is 

made in Section VI. 
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Fig. 1.  (a) Conventional JRC transceiver with mode multiplexers. (b) 
Conventional JRC transceiver with configurable TX IF signals. (c) Proposed 

JRC transceiver with dual-mode Gilbert cells. 
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Fig. 2.  (a) Time-frequency curve of the LO chirp signal at the input of the I/Q 
generator. (b) Assumed quadrature imbalance of the I/Q generator within the 

chirp bandwidth. 

 



 

 

 

II. OPERATING PRINCIPLE AND FEASIBILITY ANALYSIS 

For the communication mode, the transceiver features a 

conventional direct-conversion architecture, and its operating 

principle will not be elaborated further. While for the radar 

mode, the transmitted signal is a combination of the 

quadrature chirps from the I/Q generator, so the quadrature 

imbalance of the I/Q generator would directly alter the 

amplitude and phase of the synthesized signal. Especially, 

when a wideband chirp is applied for higher range resolution, 

the quadrature imbalance would vary over the entire chirp 

bandwidth, and further modulate the phase and the amplitude 

of the synthesized TX chirp. Therefore, theoretical analysis 

needs to be undertaken to evaluate the influence of this issue 

on the radar sensing. 

Given that an LO chirp shown in Fig. 2(a) is injected at the 

input of the I/Q generator, and the ramp signal in each frame 

could be depicted as 
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where f0 is the chirp initial frequency, B is the chirp bandwidth, 

Tc is the chirp duration, and φ0 represents the initial phase. 

Considering the quadrature imbalance of the I/Q generator 

over the entire chirp bandwidth, the synthesized TX chirp 

could be expressed as 
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where 1+Am(t) and φm(t) are the amplitude and phase 

mismatches with respect to the fast time t, respectively. 

Typically, the amplitude mismatch of a well-designed I/Q 

generator would not exceed ±3 dB, and thus Am(t) will not 

exceed the following range 
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Assuming that the distance between the radar and a moving 

target is d(τ), where τ is the slow-time index. During a single 

chirp frame, d(τ) could be regarded as a constant value and the 

reflected signal could be represented as 
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where the propagation attenuation is omitted. For simplicity, 

an ideal RX LO chirp as depicted in (1) is leveraged for de-

chirping, and the beat signal within one chirp frame could be 

depicted as 
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For the first two components in (5), their frequencies could be 

derived as 
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where f1 is the desired beat frequency corresponding to the 

target position, and f2 is the beat frequency affected by the 

phase mismatch. Accordingly, the frequency deviation of f2 

from f1 could be expressed as 
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To simplify the following analysis, a linear quadrature 

imbalance model as shown in Fig. 2(b) is established. Within 

the chirp bandwidth, there involves a monotonic variation of 

amplitude and phase mismatches. In this model, the phase 

mismatch φm(t) could be represented as 
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and thus the frequency deviation ∆f in (8) could be further 

derived into 
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To avoid positioning error, such frequency deviation should 

comply with the following constraint 
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where 1/Tc stands for the frequency resolution of the beat 

signal in each frame. From (11), the phase mismatch deviation 

φm2-φm1 should be lower than π, which could be easily satisfied 

with a normal I/Q generator. Therefore, the first two 

(5)



 

 

 

components in (5) possess the same frequency and a phase 

difference close to 90º, inducing a combined amplitude close 

to √2/2. 

In terms of the third component IF3(t) in (5), it could be 

further derived as 
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exhibiting as two disturbances in the upper and lower 

sidebands of the desired beat frequency ω0, respectively. 

Fortunately, the amplitude of the disturbances is no larger than 

1/4, which is lower than the combined beat signal amplitude of 

√2/2, and thus the target positioning will not be influenced. 

To better understand the effect of the quadrature imbalance 

on radar sensing, simulations are carried out based on the 

linear imbalance model shown in Fig. 2(b). The detailed 

simulation setups of the chirp and the target are listed in Table 

I. The target with a 0.2-Hz sinusoidal vibration is located 3 m 

away from the radar, and its maximum displacement is 1 mm 

along the radar line-of-sight (LOS). The SNR of the baseband 

signal is set as 20 dB and the sampling frequency is 200 kHz. 

With different levels of amplitude and phase mismatches, the 

spectra of the single-frame beat signal are shown in Fig. 3(a). 

It is clear that, without any quadrature imbalance, there is an 

explicit frequency peak at 20 kHz corresponding to the target 

position at 3 m. As the variation of amplitude mismatch 

increases to ±3 dB, the sidebands of the beat frequency get 

stronger, while the centre frequency does not deviate. Then, 

after a small phase mismatch variation of ±4º is involved, the 

frequency peak is still unchanged. However, if the phase 

mismatch varies from -π to π, a deviation of the frequency 

peak will appear and the target positioning will be affected, 

which agrees well with the previous analysis. Normally, such 

a huge variation in phase mismatch over the entire chirp 

bandwidth could hardly exist in a normal I/Q generator. 

Therefore, the positioning performance of the proposed JRC 

architecture will not be affected by the I/Q generator with a 

normal quadrature imbalance. 

Furthermore, under the phase mismatch variation of ±4º 
and the amplitude mismatch variation of ±3 dB, the phase 

information in the targeted range bins are further extracted 

along slow time to recover the displacement information [25], 

[26]. As shown in Fig. 3(b). the recovered displacement 

matches well with the reference with a root mean square error 

 
(RMSE) of 6.1 μm. Actually, the tiny error is mainly caused 

by the beat frequency estimation error [27], [28] during the 

target vibration, which could be further reduced by various 

techniques such as the zero-padded FFT or the Phase 

Differentiation and Accumulation (PDA) technique [29]. 

III. SYSTEM DESIGN 

A. Transceiver Architecture 

The detailed block diagram of the proposed JRC system 

with a quadrature homodyne architecture is shown in Fig. 4. In 

the LO chain, a frequency quadrupler is integrated to convert 

the off-chip 15-GHz single-tone or chirp signals to 60 GHz for 

driving the JRC transceiver in the communication and radar 

modes, respectively. After that, a configurable T/R switch is 

introduced, which could function as a single-pole double-

throw (SPDT) switch for the time division duplex (TDD) 

communication, and could also be configured as a power 

splitter for radar sensing. To adapt to the insertion loss 

variation of the T/R switch and the driving power deviation of 

the following dual-mode Gilbert cells under different 

operating modes, LO variable gain amplifiers (VGAs) are 

inserted at the output of the configurable T/R switch. After 

that, wideband I/Q hybrid couplers are used to generate the 

60-GHz quadrature LO signals for the TX and RX, 

respectively. In the TX, the proposed dual-mode Gilbert cells 

could work as the conventional double-balanced quadrature 

up-conversion mixers to modulate the baseband data for 

wireless communication, and could also be configured as the 

neutralized CS amplifiers to strengthen the quadrature LO 

chirp signals, which are later combined at the power amplifier 

(PA) input for the radar-mode TX transmitting. In the RX, 

switchable low-pass filters (LPF) are implemented in the 

baseband (BB) VGA. To support high data-rate wireless 

communication, the BB VGA operates with GHz-level 

TABLE I 
SIMULATION SETUPS OF THE CHIRP AND TARGET  

 

f0 
(GHz) 

B 
(GHz) 

TC, TD 

(ms) 
Dt Amplitude fmotion fsampling SNR 

60 2 2 3 m 0.5 mm 0.2 Hz 200 kHz 20 dB 

 

 
(a) 

 

 
(b) 

Fig. 3.  (a) Spectra of the beat signals under different levels of quadrature 

imbalance. (b) Recovered target vibration trajectory. 
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bandwidth, whereas to suppress the out-of-range interferences 

in the radar mode, the bandwidth of the BB VGA could be 

configured to 10-MHz. 

B. System Sensitivity Analysis 

In the communication mode, the sensitivity of the receiver 

could be estimated as 

 

 _ 174 / 10 log .RX Com RXS NF dBm Hz BW SNR= − + +    (13) 

 

According to the IEEE 802.15.3c standard [30], the regulated 

channel bandwidth (BW) is 2.16 GHz for 60 GHz 

communication. Assuming that the RX noise figure NFRX is 6 

dB, and to satisfy a <10-3 bit error rate (BER), the required 

output SNR of the RX should surpass 17.2 dB for 16 QAM 

[31]. As a result, the RX sensitivity in the communication 

mode is estimated to be about -57.5 dBm.  

Meanwhile, the RX input power PRX_Com could be estimated 

by  
 

 _ _ 2RX Com T Com Ant A PP P G L L= + − −    (14) 

 

where PT_Com is the TX output power, GAnt is the antenna gain, 

LA is the assembly loss and LP is the free-space propagation 

loss of the electromagnetic wave. Considering the necessary 

power back-off of the PA, the transmitter output power PT is 

estimated to be about 5 dBm. With -6 dB LA and 10 dBi GAnt, 

LP should be less than 77.5 dB to meet the sensitivity 

requirement.  

According to the propagation loss LP of the EM wave with 

respect to the transmission distance d 
 

 
4

20log( )P

d
L




=    (15) 

 

where λ is the signal wavelength. To meet the 17.2-dB SNR 

requirement for 16 QAM, the maximum communication 

distance is estimated to be 3 meters under 60 GHz. 

In the radar mode, the RX sensitivity could be estimated by 
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where NFFT/fFFT approximately equals to the chirp duration 

time Tc. With a 2-ms Tc and a targeted SNR of 20 dB, the 

radar-mode RX sensitivity could be estimated to be -121 dBm. 

For radar sensing, with a saturated TX output power of 15 

dBm, the received power could be estimated by the radar 

range equation as 
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where R is the detection range and σ is the radar cross section 

(RCS). Taking the indoor vital sign detection scenario as an 

example, with a human heart RCS estimated to be 2.5×10-4 m2 

[32], [33] and a 4-m detection range, the received power is 

estimated to be -104 dBm, which is strong enough for reliable 

detection. 

IV. CIRCUITS DESIGN 

A. Quadrature Dual-mode Gilbert Cells and PA 

The detailed structures of the proposed reconfigurable dual-

mode Gilbert cell in communication and radar modes are 

illustrated in Fig. 5(a) and (b), respectively. In the 

communication mode, the Gilbert cell serves as a standard 

double-balanced up-conversion mixer. In order to eliminate 

the LOFT caused by undesired device mismatches, 5-bit 

current DACs are adopted at the gm stage to compensate for 

the DC offsets [34]. For the structure in the radar mode as 

shown in Fig. 5(b), one side of the gm stage (M6) in the Gilbert 

cell is turned off by biasing the gate to the ground, while the 

 
 

 
 

(a)                                                          (b) 
 

Fig. 5.  Dual-mode Gilbert cell. (a) Up-mixer mode for communication 

applications. (b) Neutralized CS amplifier mode for radar applications.  

 
Fig. 4.  Detailed block diagram of the proposed 60-GHz joint radar-communication system. 

 



 

 

 

other side (M5) works as a tail current source. As a result, the 

Gilbert cell turns into a differential CS amplifier, and the 

parasitic capacitance Cgd of M3 and M4 could function as the 

neutralization capacitors [35], as illustrated by the simplified 

schematic in Fig. 6(a). As the transistors M1-4 in the dual-

mode Gilbert cell share the same size and the same node 

voltage at their gates and drains, the parasitic capacitance Cgd 

of M3,4 could precisely cancel that of M1,2, which guarantees 

the neutralization performance and improves the tolerance to 

process variations [36] in the CS amplifier mode. 

The simulated Gmax and stability factor Kf of the neutralized 

CS amplifier are shown in Fig. 6(b), demonstrating a 

considerable power gain with unconditional stability over the 

desired frequency range. The schematic of the entire 

quadrature dual-mode Gilbert cells is illustrated in Fig. 7. To 

generate the quadrature LO signal, a compact differential I/Q 

hybrid coupler [37], [38] is designed, which is then connected 

to the dual-mode Gilbert cells through the 50-ohm 

transmission lines (TL) and the transformer-based matching 

networks Mc1. Besides, 100-Ω resistors are paralleled at the 

IF ports of the Gilbert cells to provide standard 100-Ω 

differential loads for the out-of-chip instruments used for 

quadrature IF signal generations, which is essential to ensure 

the TX measurement reliability in the communication mode.  

As shown in Fig. 8(a), the simulated signal phase and 

amplitude mismatches at the LO ports of the quadrature dual-

mode Gilbert cells are less than 1.2° and 0.4 dB within these 

four channels. As shown in Fig. 8(b), in the up-conversion 

mixer mode, the corresponding image rejection ratio (IRR) of 

the quadrature dual-mode Gilbert cells is better than 38 dB 

simulated with 10-MHz quadrature IF signals. 

As exhibited in Fig. 9, the load impedance of the dual-mode 

Gilbert cells is the input impedance of the PA, which could be 

modeled by a 5.6-Ω resistor in series with a 61.6-fF capacitor 

in both the radar and communication modes. However, the RF 

 
 

 
(a)                                                          (b) 

 

Fig. 6.  (a) Simplified schematic of the proposed reconfigurable Gilbert cell in 

the neutralized CS amplifier mode. (b) Simulated Kf and Gmax. 

 

 
 

Fig. 7.  Schematic and layout of the quadrature dual-mode Gilbert cells and 

I/Q hybrid coupler. 

 

 
(a)                                                                (b) 

 

Fig. 8.  (a) Phase and amplitude mismatches at the LO ports of the quadrature 

dual-mode Gilbert cells. (b) IRR of the quadrature dual-mode Gilbert cells in 
the up-conversion mixer mode.  
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Fig. 9.  Gain contours of the quadrature dual-mode Gilbert cells and the 

designed load impedance trajectory. (a) Up-conversion mixer mode. (b) 
Neutralized CS amplifier mode. 

 



 

 

 

port output impedance of the dual-mode Gilbert cells varies 

between different operating modes, and thus the design of the 

output matching network Mc2 requires some trade-off 

considerations. To illustrate the design consideration of the 

output matching network Mc2, the broadband gain contours of 

the quadrature dual-mode Gilbert cells in both the mixer and 

the amplifier modes are plotted as shown in Fig. 9(a) and (b), 

respectively. Since the Gmax of the dual-mode Gilbert cell 

decreases with the increasing operating frequency, the TX 

output will suffer from a narrow bandwidth in both modes 

without bandwidth compensation. To tackle this issue, the ΓIN 

of Mc2 at 70 GHz is designed to approach the center of the 

70-GHz gain contours in both modes, as shown in Fig. 9(a) 

and (b). In this way, the Gilbert cell will benefit from a lower 

matching loss at the higher frequency, which helps to achieve 

a higher gain in both modes. Meanwhile, the ΓIN of Mc2 at the 

lower frequency is designed to follow the edge of the -1.8-dB 

and the -6-dB gain contours in the mixer and amplifier modes, 

respectively, further controlling the gain at the lower 

frequency range to achieve a flat bandwidth in both modes. 

The corresponding power gains in different operating 

modes are shown in Fig. 10. Note that the exhibited power 

gain in the CS amplifier mode includes the insertion loss of 

the hybrid coupler, the transmission lines (TLs), and the 

transformer-based broadband matching networks. Besides, the 

quadrature combination of the LO signals would also 

introduce about 3-dB power loss compared with the in-phase 

combination. Nevertheless, benefiting from the sufficient gain 

budget of the LO and TX blocks, the targeted TX output 

power could still be achieved. 

Following the dual-mode Gilbert cells, a four-stage two-

way PA with a series power combiner is applied to enhance 

the TX output power. The simulated PAEMAX, OP1dB, and PSAT 

of the PA are shown in Fig. 11. 

B. LO Chain 

In the LO chain, a frequency quadrupler based on cascaded 

push-push doublers is applied for the 60 GHz LO signal 

generation. The schematic of the frequency quadrupler core is 

shown in Fig. 12. The common-mode (CM) 2nd harmonic  

(HR2) and 4th harmonic (HR4) notch filters are implemented 

at the input of the first and second stage of the push-push 

doubler, respectively, which could reduce the undesired CM 

HR2 and HR4 voltage swing and significantly improve the 

conversion gain [39]. Besides, the center-tapped capacitors 

could also reduce the signal amplitude and phase imbalance at 

the input of each push-push stage [40], further improving the 

harmonic rejection ratio (HRR). The simulated 4f0 output 

power of the frequency quadrupler and the different order 

HRRs are shown in Fig. 13. The achieved 3-dB bandwidth is 

16 GHz from 54 to 70 GHz with the in-band HRRs better than 

35 dB. 

At the output of the frequency quadrupler, a 60-GHz 

configurable power combiner/splitter (CPCS) based on the 

lumped elements [41] is implemented. The schematic of the 

proposed CPCS and the key parameters are shown in Fig. 14. 

In the radar mode, the CPCS operates as a conventional 

Wilkinson power divider when M1 and M2 are turned off, and 

their parasitic capacitance Coff1/2 constitute the required 

lumped capacitors as shown in Fig. 15 (a). Besides, the 

parasitic resistance of ON-state M3 together with the serial 

 

 
Fig. 10.  Power gains of the quadrature dual-mode Gilbert cells in different 
operating modes. 

 

 
 

Fig. 11.  Simulated PAEMAX, OP1dB, and PSAT of the PA. 

 

 
 

Fig. 12.  Schematic of the frequency quadrupler core. 

 

 
 

Fig. 13.  Simulated 4f0 output power of the frequency quadrupler and the 
different orders of HRRs.  

 

 
 
 

Fig. 14.  Schematic of the CPCS and the key parameters. 



 

 

 

resistors R work as the isolation resistor. The simulated S-

parameters of the CPCS in the power divider mode are shown 

in Fig. 15(b), and the simulated insertion loss is about 4 dB. In 

the communication mode, the CPCS works as an SPDT as 

illustrated in Fig. 16(a). In this mode, the transistors M2 in the 

unused port are turned on, posing a high impedance at the 

input port P1. Besides, the transistors M3 in series with the 

isolation resistors are turned off. The resultant S-parameters 

are shown in Fig. 16(b), and an insertion loss of 2.1 dB is 

achieved around 60 GHz. In order to adapt to different 

insertion losses of the CPCS and different input power 

requirements of the following dual-mode Gilbert cells under 

different operating modes, LO VGAs are inserted at the output 

of the CPCS. 

C. LNA, Down-conversion Mixer, and BB VGA 

In the RX, a 4-stage low-noise amplifier (LNA) is designed 

and its schematic is shown in Fig. 17. A neutralized CS 

amplifier with a fixed gain is applied in the first stage, and two 

variable-gain stages are applied to improve the RX dynamic 

range. As illustrated in Fig. 17, the variable-gain stage consists 

of a neutralized CS pair (M1-2) and a cross-coupled pair (M3-

6) with tail switch transistors to provide an initial gain state 

and gain tuning function, respectively. During gain tuning, the 

cross-coupled pairs could compensate for the input and output 

impedance variations of the VGA stages [42], [43], which is 

beneficial to maintaining a constant bandwidth under different 

gain states. 

For better noise performance, the first LNA stage is 

designed to provide a fixed gain around 11.5 dB as shown in 

Fig. 18, and an optimized NFmin of 3.9 dB is achieved 

including the input matching loss. Besides, the power gains of 

the rest three LNA stages are designed in a staggering way for 

an overall broad and flat operating bandwidth. As shown in 

Fig. 19, the variable gain of the entire 4-stage LNA varies 

from 34 to 12 dB within the operating band, with the 

minimum noise figure varying from 4.2 to 7 dB. 

Following the LNA, passive down-conversion mixers are 

applied for high linearity and lower flicker noise purposes [44]. 

After that, a four-stage BB VGA based on a modified Cherry-

Hooper structure is employed, as shown in Fig. 20. With the 

digitally controlled feedback resistor networks Rf in the VGA 

cores, the BB VGA could realize a maximum gain of 60 dB 

with 1-dB gain step. In order to eliminate the DC offset caused 

by the TX to RX leakage and the undesired device mismatches 

in the BB VGA, two DC offset cancellation (DCOC) loops are 

implemented to extract the output offset voltage of VGA2 and 

VGA4, and then calibrate them at the input of VGA1 and 

VGA3, respectively. To save the chip area, the LPF in the 

DCOC unit is realized by the MOS capacitors CLPF and 

resistors RLPF. Besides, in order to adapt to the relatively 

narrow bandwidth requirement in the radar mode and suppress 

 

 
(a)                                                         (b) 

 

Fig. 15.  (a) Equivalent schematic of the CPCS in the conventional Wilkinson 

power divider mode. (b) Simulated S-parameters. 
 
 

 
(a)                                                         (b) 

 

Fig. 16.  (a) Equivalent schematic of the CPCS in the SPDT mode. (b) 
Simulated S-parameters. 

 

 
 

Fig. 17.  Schematic of the variable-gain low-noise amplifier. 

 

 
Fig. 18.  Gain of different LNA stages and NF of the input stage. 

 

 
Fig. 19.  Simulated variable gains of the entire 4-stage LNA and the 
corresponding NF under different gain states. 

 



 

 

 

the out-of-range interferences, variable capacitor arrays are 

also inserted at the output of each VGA stage. 

V. EXPERIMENTAL RESULTS 

The chip micrograph of the proposed 60-GHz JRC 

transceiver is shown in Fig. 21. Fabricated in a 65-nm CMOS 

process, the chip occupies an area of 2.65 × 1.19 mm2. 

A. Transceiver Performance Measurement 

As shown in Fig. 22(a), with a fixed LO input power of -20 

dBm, the measured saturated TX output power in the radar 

mode is about 16.2 dBm with a 3-dB bandwidth of 16.8 GHz. 

As shown in Fig. 22(b), in the communication mode, the 

measured TX gain exceeds 29 dB across the four channels 

(CH1-4) defined in the IEEE 802.15.3c standard. As shown in 

Fig. 23(a), with 60.48-GHz LO and 10-MHz quadrature IF 

inputs, the measured IRR is about 31.2 dB and the LOFT is 

as low as −46.6 dBc, which is improved by about 28.4 dB 

benefiting from the IDAC based LOFT calibration. As 

demonstrated in Fig. 23(b), the measured TX IRRs are better 

than 30 dB across these four channels, and the measured 

maximum TX OP1dB is about 11 dBm. With a fixed 60-GHz 

LO, the measured variable RX gains versus IF frequency in 

communication and radar modes are shown in Fig. 24(a) and 

(b), respectively. In the communication mode, the variable RX 

gain ranges from 22 to 75 dB and the 3-dB bandwidth is about 

1.2 GHz. In the radar mode, a same level RX gain is achieved 

while the 3-dB bandwidth is configured to 10 MHz for better 

SNR. The measured RX gain versus RF frequency is shown in 

Fig. 25(a), and the 3-dB bandwidth is about 10 GHz from 55 

to 65 GHz. Meanwhile, under the maximum gain state, the 

 
 

Fig. 20.  Schematic of the passive mixer and the BB VGA. 

 

 
 

Fig. 21.  Chip micrograph of the proposed 60-GHz JRC transceiver in 65-nm 

CMOS. 
 

 
(a)                                                        (b) 

Fig. 22.  (a) Measured and simulated saturated TX output power in the radar 

mode. (b) Measured and simulated TX gain in the communication mode. 
 

 

 

 
(a)                                                        (b) 

Fig. 23.  (a) Measured TX spectrum with 10-MHz quadrature IF inputs and 

60.48-GHz LO. (b) TX IRR and OP1dB measured with a fixed 10-MHz IF 
input. 

 

 
(a)                                                         (b) 

Fig. 24.  Variable RX gains versus IF frequency with a fixed 60-GHz LO. (a) 
Communication mode. (b) Radar mode. 

 

 
(a)                                                       (b) 

 

Fig. 25. (a) Variable RX gains versus RF frequency. (b) RX gain and NF 

under the maximum gain state in the communication mode.  
 

 
(a)                                                       (b) 

 

Fig. 26. (a) RX IP1dB under the minimum and maximum gain modes. (b) 

Measured RX quadrature imbalance. 

 



 

 

 

measured RX gain and NF in the communication mode are 

shown in Fig. 25(b), and the minimum NF is about 5.8 dB. As 

shown in Fig. 26(a), the measured RX IP1dB in the minimum 

and maximum gain modes are -22 and -75 dBm, respectively. 

As shown in Fig. 26(b), by fixing the IF output at 100 MHz, 

the measured amplitude mismatch is lower than 0.4 dB from 

55 to 65 GHz, while the measured phase mismatch is less than 

1.7°, demonstrating an excellent quadrature performance. 

B. Radar Mode Applications 

For the radar mode applications, a 15-GHz chirp signal with 

1-GHz bandwidth generated by the R&S SMW200A vector 

signal generator was injected into the on-chip frequency 

quadrupler, and the measured TX output spectrum is shown in  

Fig. 27. Owing to the 4-GHz TX chirp bandwidth, a 

theoretical 3.75-cm range resolution is achieved. As shown in 

Fig. 28, two 20-dBi horn antennas were connected to the JRC 

transceiver via coaxial cables and probes for transmitting and 

receiving the chirps. In front of the radar system, two human 

targets moved back and forth in opposite directions for 

detection. With a 125-Hz chirp repetition rate, the beat signal 

of each TRX chirp frame was sampled with a 200-kHz 

sampling rate and then processed by FFT. The resultant 

spectra could be further converted to 1-D range profiles by 

transforming the frequency fIF to the corresponding real 

distance D according to 
 

 

 ( )2IFD f c S=     (18) 

 

where c is the light speed and S is the chirp slope. By stacking 

all the 1-D range profiles along the slow-time direction, the 2-

D range map could be constructed, as shown in Fig. 29, 

demonstrating explicit tracking trajectories of both targets.  

In order to further explore the performance of the JRC 

system in displacement measurement based on the phase 

extractions of the radar beat signals, experiments were also 

carried out in mechanical vibration detections. As shown in 

Fig. 30, a metal reflector driven by a linear actuator and a 

static whiteboard were placed in front of the JRC system. The 

distance between the TRX antennas and the metal reflector is 

about 2.3 m, and the whiteboard was placed 20 cm behind the 

reflector to function as a strong static clutter. During the 

experiments, the linear actuator was first set to vibrate at 2 Hz 

 
 

Fig. 27. Measured spectrum of the TX chirp with a 4-GHz bandwidth in the 
radar mode. 

 

 
 

Fig. 28. Experiment setup for the radar detection with two human targets 

moving back and forth in opposite directions in front of the JRC system. 

 

 

Fig. 29.  2-D range map of two human targets moving back and forth in 

opposite directions. 

 
 

 

 
 

Fig. 30.  Experimental setup of the JRC system in radar mode for mechanical 

vibration detection. 

 

 
Fig. 31.  2-D range map of a vibrating metal plate and a static whiteboard in 

front of the JRC system. 

 

 
Fig. 32.  Recovered displacement curve of the metal reflector vibrating at 2 

Hz with 0.5-mm amplitude.  



 

 

 

with a 0.5-mm amplitude, and the resultant 2-D range map is 

shown in Fig. 31. At the distances of 3.3 m and 3.5 m, the 

metal reflector and the whiteboard could be clearly recognized, 

respectively. It should be noted that the detected distance also 

includes the length of the 1-m coaxial cables between the 

probes and the TRX antennas. Then, the phase information 

was extracted from the corresponding range bin of the metal 

reflector along the slow time and the motion trajectories were 

recovered from the unwrapped phase history. As shown in Fig. 

32, the recovered displacement matches well with the 

referenced curve in the time domain, indicating an excellent 

displacement tracking ability of this JRC system. After that, 

the linear actuator was set to vibrate at 6 Hz with a 1-μm 

amplitude. The recovered displacement curve is shown in Fig. 

33, and the corresponding normalized power spectral density 

(PSD) is shown in Fig. 34. Clearly, the target motion 

frequency could be explicitly recognized at 6 Hz with about 

30 dB SNR, demonstrating a µm-level sensitivity of the 

proposed JRC system. 

C. Communication Mode Applications 

For the communication mode test, an arbitrary waveform 

generator (Tektronix AWG70002A) was applied to provide 

1.76-Gsym/s QPSK and 16-QAM modulated signals at the TX 

baseband input, and a signal and spectrum analyzer (R&S 

FSW67) was used to evaluate the TX signal quality. With 

a >6.5 dBm average TX output power (Pavg), the measured TX 

error vector magnitude (EVM) and adjacent channel leakage 

ratio (ACLR) are summarized in Table II. With LO 

frequencies of 58.32 and 60.48 GHz, the measured TX EVM 

under QPSK and 16QAM are -27.5, -26.1, -27.6, and -26.4 dB, 

respectively, and the measured ACLRs are lower than -29.66 

dBc. After that, the OTA communication test was carried out 

between two JRC systems, and the detailed equipment setups 

are shown in Fig. 35. Two signal generators (Keysight 

E8257D) were applied to provide the LO carriers around 15 

GHz for the JRC TX and RX, respectively, and an 

oscilloscope (Tektronix DPO 70604C) was applied to process 

the RX baseband signal and analyze the communication 

quality. The scenario photograph of the OTA communication 

test is shown in Fig. 36. The TX and RX JRC boards were 

respectively mounted on two probe stations 7-m away from 

each other, and a long coaxial cable was used to bring the TX 

antenna close to the RX antenna for better beam alignment. 

The total cable loss between the TRX probes and antennas is 

about 42 dB, and the communication distance between the 

TRX antennas is 20 cm. The measured EVMs of the OTA 

communication are summarized in Table III. With the LO 

frequency at 58.32 and 60.48 GHz, the measured EVMs of the 

 

Fig. 33.  Recovered displacement curve of the metal reflector vibrating at 6 

Hz with 1-μm amplitude. 
 

 
Fig. 34.  Normalized PSD of the recovered 6-Hz mechanical vibration with 1-
μm amplitude.  

TABLE II 
 

MEASURED TX EVM AND ACLR UNDER 1.76-GSYM/S QPSK AND 16QAM 
 

LO Freq 58.32 GHz 58.32 GHz 60.48 GHz 60.48 GHz 

Mod. QPSK 16QAM QPSK 16QAM 

Data rate 3.52 Gb/s 7.04 Gb/s 3.52 Gb/s 7.04 Gb/s 

S
p

ec
tr

u
m

 

    

Pavg 8.87 dBm 6.92 dBm 8.55 dBm 6.51 dBm 

ACLR -33.04 dBc -32.16 dBc -30.02 dBc -29.66 dBc 
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TX EVM -27.5 dB -26.1 dB -27.6 dB -26.4 dB 

 

 
 

Fig. 35.  Detailed equipment setup for the OTA communication between two 
probe stations. 

 

 
 

Fig. 36.  Scenario photograph of the OTA communication between two JRC 

systems. 
 

 



 

 

 

1.76-Gsym/s QPSK and 16-QAM OTA communication are -

21.4, -20.2, -21.6, and -20.5 dB, respectively. 

The performance comparison with the state-of-the-art JRC 

systems is summarized in Table IV. Benefiting from the 

highly-reused transceiver architecture based on the proposed 

reconfigurable dual-mode Gilbert cells, a compact chip size 

and a low power consumption are demonstrated especially 

compared with the JRC architecture using the mode 

multiplexers. In addition, compared with the conventional JRC 

transceiver with configurable TX IF inputs which requires 

digital de-chirping for radar signal processing, the direct RF 

de-chirping utilized in this work greatly relieves the burden of 

digital resources consumption. Unlike the narrowband 

quadrature IF chirps limited by the bandwidth of the IF 

devices, the available chirp bandwidth in this work is much 

wider, inducing a better range resolution in the radar mode. 

Besides, a competitive OTA communication performance is 

also demonstrated. 

VI. CONCLUSION 

This paper presents a 60-GHz JRC transceiver with a highly 

hardware-reused architecture utilizing reconfigurable dual-

mode Gilbert cells. Fabricated in a 65-nm CMOS process, this 

design features a compact chip area of 3.15 mm2. With a >4 

GHz chirp bandwidth and <3.75 cm range resolution, multi-

target motion tracking and 1-μm mechanical vibration 

detection are successfully demonstrated in the radar mode. 

Besides, a >7 Gb/s 16-QAM OTA communication is also 

realized, demonstrating that the proposed JRC transceiver is 

suitable for advanced integrated sensing and communication 

applications in future 6G networks. 
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