
Abstract—A single-chip X-band chirp radar transceiver with 
direct digital synthesis (DDS) for chirp generation is presented.  
The radar chip, including receiver, transmitter, quadrature DDS, 
phase-locked loop (PLL) and analog to digital converter (ADC), 
has been implemented in a 0.13μm BiCMOS technology. The 
stretch processing technique is employed to translate the time 
interval between the received and the transmitted chirp signals to 
a single tone at the baseband output with greatly reduced 
bandwidth, which allows for the use of a low-cost ADC with a 
reduced input bandwidth of 10MHz for digitizing the received 
RF chirp with a bandwidth of 150MHz. A Weaver receiver with a 
dc-offset is employed in order to use a single ADC for detecting 
the received quadrature signals with image rejection. A 
quadrature 1GHz DDS with an inverse sinc function for zero-
order hold correction is implemented to provide the chirp signals 
for both receiver and transmitter. A wide-tuning PLL frequency 
synthesizer is integrated to generate the local oscillator (LO) 
signals as well as the clock signal for the DDS and ADC. The 
implemented radar-on-chip (RoC) MMIC occupies a die area of 
3.5 2.5mm2. With a 2.2V supply voltage for analog/RF and a 
1.5V supply for digital, the chip consumes 326mW in the receive 
mode and 333mW in the transmit mode.  

Index Terms—Transceiver, X-band Radar, Chirp, Stretch 
Processing, DDS, PLL. 

I. INTRODUCTION 

 The demand for a low-cost, high-performance radar system 
has fueled interest in monolithic radar implementations on a 
single chip. Numerous ranging detection methods have been 
explored for radar applications, such as the pulse radar 
frequency modulated continuous-wave (FMCW) radar [1-2]. 
One problem for the pulse radar is its requirement for 
wideband operation or a high peak-to-average power ratio 
(PAPR) due to the use of a narrow pulse signal. Modern radars 
have stringent requirement specifications such as wide 
bandwidth for transmission and reception, complex phase and 
frequency modulation schemes that often require a large 
amount of digital signal processing, high resolution ADCs, 
high resolution digital to analog converters (DACs), 
programmable filtering, and phase locked-loops (PLLs) with 
excellent phase noise. Through the use of stretch processing 
the FMCW chirp radar is able to use a lower PAPR and a 
more moderate bandwidth than is needed by the pulse radar.  

For typical fixed chirp rate stretch processing, a high 
bandwidth linear chirp with chirp rate α and a fixed time 
length tTX is transmitted toward the target. The product of the 
transmit period and the chirp rate yields the effective 
bandwidth BWTX of the transmit chirp. The bandwidth defines 
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the range resolution which is given by ���� = �/(2��	
), 
where c is the speed of the light. As shown in Fig. 1, a stretch 
chirp with the same chirp rate α as the transmitted chirp is 
produced by the receiver with a longer time duration tRX which 
is required to demodulate the received signal. A single-tone 
signal with a frequency of ∆f, which contains the target range 
information, is obtained after the stretch processing. Because 
of the reduced bandwidth of the signal after stretch processing, 
the bandwidth and power requirement of the on-chip ADC can 
be greatly relaxed. The chirp rate for the stretch chirp can also 
be different from the transmitted chirp, and in fact a chirp 
signal with slower chirp rate will be generated after the stretch 
processing. Generally, demodulation with stretch processing 
leads to a greatly reduced bandwidth requirement for the data 
converters, permitting the use of high-bandwidth chirp 
transmission, which directly improves the radar range 
resolution.
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Fig. 1. A conceptual presentation of stretch processing in the frequency 
domain where BRX is the bandwidth of the reference chirp in the receiver, BTX 
is the bandwidth of the transmitted chirp, α is the slope of the chirp, tTX is the 
duration time of the transmitted chirp, tREF is the start time of the reference 
chirp in the receiver, tD is the time that the transmitted chirp has travelled 
before reaching the receiver, and tMAX is the time at which the reference chirp 
stops. 

Several methods can be used to generate linear frequency 
modulation (LFM) or chirp signals with an operating 
frequency that ranges from microwave to millimeter wave, 
such as a phase-locked loop (PLL)- or voltage-controlled 
oscillator (VCO)-based modulator [1-2], and a DDS based 
frequency modulator. The PLL-based FM modulator suffers 
from limited signal bandwidth because the FM signal must 
pass through the low-pass filter (LPF) of the PLL. The VCO-
based FM modulator has a simpler structure than that of PLL- 
based structure, but its frequency modulation suffers as a 
result of the nonlinear frequency-voltage tuning within the 
varactor. When compared with the VCO- or PLL-based FM 
modulator, the DDS-based structure features high speed 
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modulation, a small frequency step, and a flexible output 
frequency range [3]. 

II. RADAR TRANSCEIVER ARCHITECTURE 

A single-chip radar IC with stretch processing is proposed 
in this paper, as shown in Fig. 2. It is comprised of a two-step 
down converter, a Weaver receiver, two-step transmitter, 
power amplifier driver, quadrature DDS, PLL, and digital 
control interface. The proposed radar transceiver IC features 
the following two characteristics: 1) a small bandwidth 
(10MHz) for the ADC is all that is required to handle the 
baseband signal after stretch processing the high RF 
bandwidth signal (150MHz), resulting in reduced power 
consumption; 2) while some schemes combine the baseband 
signal in the digital domain which requires two ADCs, the 
Weaver receiver requires only one ADC module by summing 
the IQ signals using an analog circuit. Therefore, both the cost 
in area as well as the power consumption can be reduced. 

 
Fig. 2 Block diagram of the proposed radar transceiver MMIC with stretch 
processing. 

The transmitter consists of a quadrature DDS, two 5th order 
Butterworth LPFs with tunable bandwidth, an IF IQ modulator, 
an off-chip surface acoustic wave (SAW) filter, a transmitter 
variable gain amplifier (TXVGA), a RF mixer with a notch 
filter, and a power amplifier (PA) driver. In order to remove 
the harmonics and spurs, the chirp signals generated by the 
quadrature DDS are first filtered by the 5th order Butterworth 
LPFs. Then the clean chirp signals are up-converted to a 1.72-
GHz IF frequency by the IF IQ modulator. An off-chip SAW 
filter is employed to attenuate the LO leakage and other 
harmonics from the IF mixers. The TXVGA amplifies the IF 
signal with a programmable gain from -16dB to 12dB and a 
step size of 4dB. Then the IF signal is up-converted to an 8.6 
GHz RF signal. A notch filter is embedded into the RF mixer 
to provide attenuation for the image signals around 5.16GHz. 
The final output of the transmitter will be a clean spectrum 
with chirp signals at around 8.6GHz. 

In order to provide a large dynamic range and improve 
linearity performance, the low-noise amplifier (LNA) is 
followed by a RF variable gain amplifier (VGA) prior to the 
mixer. The down-converted 1.72GHz IF signal passes through 
an off-chip SAW filter to remove the harmonics, image signal 
and LO leakage at the RF mixer output. The Weaver receiver 
that follows further down-converts the chirp signals to 
baseband. The stretch processing technique is employed in the 
receiver baseband circuitry for ranging detection because its 
detection range is longer and it consumes less instantaneous 
power. The quadrature DDS for the receiver baseband 

generates a replica of the transmitted chirp. As shown in Fig. 2, 
the replica chirp signals are fed to the clock terminals of the 1st 
mixer in the Weaver receiver baseband. A single-tone signal, 
which represents the distance between a target and the radar, is 
generated in the receiver baseband. The receiver has a tunable 
gain from 45dB to 105dB with a sensitivity spec of -80dBm. 

III. CIRCUIT DESIGN OF THE RADAR TRANSCEIVER 

A. Receiver 
The design of a low power, wide-band radar front-end is 

challenging because of the tradeoff between the noise figure 
and the bandwdith performance [4]. One of the most critical 
modules in the wideband receiver is the LNA. A cascode 
structure is usually used to implement the LNA because of its 
unilateral operation and the reduced Miller effect in the base-
collector capacitance of the main transistor. For a narrow band 
(NB) receiver, source degeneraion with an inductor is 
commonly used to simultaneously achieve both power and 
noise matches. Two LNAs, i.e., a NBLNA with an input 
frequency range of 8-9GHz and a wide band (WB) LNA with 
an input frequency range of 7-12GHz, are integrated to 
provide both NB and WB compatibility, as shown in Fig. 3 (a) 
and (b). The NBLNA with a simulated noise figure of 2.4dB is 
followed by a notch filter to remove the image signal that 
occurs around 5.16GHz. Simulation results indicated that the 
noise figure for the WBLNA is 4.5dB. The single-ended LNA 
output followed by a level shift is fed to the RF VGA which 
also achieves single-to-differential conversion.  

 
(a) (b) (c) 

Fig. 3 Circuit schematic of the (a) narrow band LNA, (b) wideband LNA, and 
(c) RF VGA for single-to-differential converter. 

The RF VGA is a differential cascode amplifier with a 
current steering branch connected to the upper cascode 
transistors, as shown in Fig. 3(c). A pair of current steering 
transistors under the control of the VC signal adjusts the 
current flowing to the load. Thus the gain of the RF VGA can 
be continuously tuned. The RF VGA provides for gain 
tunability which is defined as 
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All the RF and IF down-conversion mixers consist of 
double-balanced mixers that use bipolar transistors in the 
signal path and a MOSFET for current bias. The receiver may 
suffer from a severe image problem without the use of an 
image rejection filter. The Weaver architecture includes a two-
stage down-conversion mixer, two 7th order LPFs, and an IQ 
signal combiner is utilized to produce the baseband signal and 
reject the image signal. Although the Weaver receiver still 
contains a DC offset problem like that of the homodyne 
receiver, the demodulated single-tone signal that follows 
stretch processing is not near the zero frequency.  
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The weaver architecture also has a problem with mixing 
spurs which result from the first IF to baseband conversion, 
and therefore a high order LPF is necessary to remove these 
interferences. A 7th order LPF, as shown in Fig. 4(a), is 
employed to attenuate those undesired mixing spurs. A 
transconductance (Gm)-C filter structure with a constant 
capacitor load, which features the same noise performance 
over the entire frequency tuning range, is employed to provide 
the desired attenuation. Each stage of the filter is composed of 
two Gm cells and a common mode feedback circuit, as shown 
in Fig. 4 (b).  The Gm circuit on the left has an asymmetric 
input differential pair with an emitter area ratio of 4:1, while 
the ratio for the right Gm circuit is set to 1:4. Under these 
conditions the transconductance-versus-input voltage for each 
Gm circuit will offset in opposite directions. Therefore, a flat 
transconductance curve can be obtained when the outputs of 
these two Gm circuits are combined at the same load pair. The 
cut-off frequency of the LPF is continuously tunable from 
4MHz to 54MHz by controlling the bias voltage Vbp, as shown 
in Fig. 4(b). 

 
(a) 

 
(b) 

Fig. 4 (a) The structure of the 7th order LPF, and (b) circuit of the Gm cell. 

B. Transmitter 

  
(a) (b) 

Fig. 5 (a) The schematic of the RF mixer with a notch filter, and (b) circuit 
schematic of the amplifier with band-pass response after the RF mixer. 

The chirp signals that are transmitted and generated by the 
quadrature DDS are first filtered by the 5th order LPF and then 
up-converted to 8.6GHz RF by the two-step up-conversion. 
The OTA-C structure with a cut-off frequency that is 
programmable from 23MHz to 135MHz is used to implement 
the 5th order filter.  The mixing spurs produced by the first up-
conversion are removed by the off-chip SAW filter. However, 
the low-side mixing spurs around 5.16GHz resulting from the 
second up-conversion are still present in the output spectrum. 
In order to suppress this image signal, a notch filter was 

embedded into the Gilbert mixer. As shown in Fig. 5(a), a 
series LC tank in parallel with the load resistor is used to filter 
the image signal around 5.16GHz. Then the RF signal is 
filtered by a two-stage amplifier with a band-pass response, 
and the circuit schematic for each stage is shown in Fig. 5(b).  
C. PLL 

The PLL used to provide the LO signals and the DDS clock 
is shown in Fig. 6. The output signal of the VCO is first 
divided by 2 before being fed into the MMD in order to relax 
the time requirement. Five stages of the divide-by-2/3 cell are 
used to achieve a divide ratio from 32 to 63. Using an 
approach that is different from a conventional PLL, which 
uses a current mode logic to complementary metal oxide 
semiconductor (CML-to-CMOS) level converter, the divided 
VCO signal is directly fed to the phase detector and charge 
pump in the CML operation to reduce the reference spur.  

 
Fig. 6 Block diagram of the PLL and the wideband VCO circuit. 

A multi-band VCO with a 4-bit metal-insulator-metal (MIM) 
capacitor array and a tunable current tail are adopted to 
provide a wide tuning range, as well as low phase noise 
performance. In order to widen the VCO frequency tuning 
range, small PMOS transistors, shown in Fig. 7, are used to 
provide a reverse bias voltage to the parasitic diodes. 
Moreover, a tail current shaping technique is achieved by 
employing the tail capacitor to improve the phase noise 
performance of the wideband VCO. 

IV. IMPLEMENTATION AND MEASURED RESULTS  

The proposed single-chip chirp radar was fabricated in a 
0.13�m SiGe Bi-CMOS technology. Fig. 7 shows the die 
photo of the radar transceiver MMIC. The entire radar IC 
including pads occupies a total area of 8.75mm2 (3.5 2.5 
mm2). The receiver front end and baseband consume 326mW 
of power from the 2.2V power supply when the DDS is turned 
on, and the chip consumes 333mW in the transmit mode. 

 
Fig. 7 Die photo of the proposed chirp radar IC. 
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As shown in Fig. 8, the measured frequency tuning range of 
the wideband VCO is about 34% and the VCO tuning gain is 
around 350MHz/V. The measured phase noise of the PLL 
output signal is -86dBc/Hz and -114dBc/Hz @ 10kHz and 
1MHz offset, respectively. 

 
Fig. 1 Measured VCO frequency tuning range. 

The stretch processing technique for the receiver baseband 
is measured through a single-tone test signal applied to the IF 
circuit input and the quadrature chirp signals generated from 
the transmitter baseband. The frequency of the IF test signal is 
1.802GHz, and the IF LO is set to 1.76GHz. As a result, the 
low IF signal following the first down-conversion is 42MHz. 
The chirp signal from the quadrature DDS with stretch 
processing is from 27.5 to 30.9MHz, as shown in Fig. 9. The 
frequency range of the chirp signal after stretch processing is 
from 11.1 to 14.5MHz. The image signal and harmonics are 
removed by the 7th order Butterworth LPF. The quadrature 
signals in the IQ channels are fed into the IQ modulator and 
mixed with the 10MHz quadrature LO signals.  

 
Fig. 9 Measured transmitting chirp spectrum at of the DDS output. 

The chirp signal at the receiver output has a frequency range 
from 1.1 to 4.5MHz. Fig. 10 shows the measured spectrum of 
the chirp signal at the baseband output. The performance for 
the single-chip chirp radar transceiver is given in Table I. As 
shown, the stretching processing technique greatly reduces the 
bandwidth requirement of the receiver, thus relaxing the 
power and sample-rate requirement of the ADC. 

V. CONCLUSIONS 

This paper presents the implementation of a single-chip X-
band chirp radar IC fabricated in a 0.13μm BiCMOS 
technology. The stretch processing technique was employed to 

convert the time interval between transmitted and received 
chirp signals to a single tone at the mixer output with 
significantly reduced bandwidth. The prototype chirp radar IC 
occupied a die area of 8.75 mm2 and it consumes a power of 
333mW and 326mW under TX mode and RX mode, 
respectively. 

 
Fig. 10 Measured received chirp spectrum at the receiver baseband output 
with the stretch processing down-conversion. 

TABLE. I  PERFORMANCE SUMMARY OF THE RADAR TRANSCEIVER WITH 
STRETCH PROCESSING TECHNIQUE. 

Technology 0.13μm SiGe BiCMOS 

Supply Voltage 2.2V analog/RF; 1.5V digital 

Power Consumption  Rx: 326mW, Tx: 333mW 

Rx Bandwidth, Front-end/ADC  150MHz/10MHz 

Receiver Input Frequency Range NB: 8-9GHz and WB: 7-12GHz 

DDS SFDR 55~60dBc 

PLL Phase Noise (dBc/Hz) -86 @10 kHz, -114 @1MHz 

PLL Tuning Range 4.8-6.9GHz 
Radar TR MMIC Area  3.5 2.5 mm2 
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