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Abstract: A 24-GHz direct-conversion transmitter is proposed for in-cabin radar applications.
The proposed RF transmitter consists of an I/Q up-conversion mixer, an I/Q local (LO) oscillator
generator, and a power amplifier. To improve the linearity of the I/Q up-conversion mixer, an inverter
transconductor with third-order intermodulation (IM3) distortion cancellation is proposed. Toimprove
the I/Q balancing performance of the I/Q LO generator, a poly-phase filter, including parasitic line
inductance, is proposed. By employing a highly linear I/Q up-conversion mixer and a balanced I/Q
LO generator, the 24-GHz direct-conversion transmitter achieves high linearity and I/Q balancing
characteristics. It is fabricated in a 65-nm CMOS process and consumes 150 mW. It shows an OP1dB
of 8.6 dBm, an LO leakage of —48 dBc, and an image rejection ratio of —49 dBc for the entire operating
band from 24 GHz to 24.5 GHz.
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1. Introduction

In general, many dangerous accidents occur when there are sudden changes in a person’s
physical condition. Among these accidents, the traffic accident rate caused by drowsy driving, fatigue
accumulation, and sudden heart attack or stroke is increasing very rapidly. Therefore, many studies
have been conducted that can monitor a driver’s condition in real time using various biomedical sensors,
which can reduce the traffic accident rate during driving by more than about 80%. Sensors implemented
using short-range radar technology as a way of monitoring a driver’s physical condition have been
reported [1-6]. This approach using non-contact radar sensors provides a safer way to check a driver’s
vital signs than the use of conventional biomedical sensors attached to the body.

In particular, changes in a driver’s respiration and heart rate have been mainly used to determine
whether a person is drowsy when driving a vehicle. To measure a driver’s respiration and heart rate
without contact devices, many short-range radar systems have been implemented in various frequency
bands from 0.9 GHz to 60 GHz. Most of the previous radar systems have been implemented in a
continuous-wave (CW) Doppler radar system architecture because they can realize a very simple fully
integrated RF transceiver. However, there is a measurement error in the CW Doppler radar system
depending on the effect of the driver’s movements and the environment inside the vehicle. Therefore,
many studies should be carried out to increase the sensitivity of radar to detect a driver’s vital signs
more accurately [4-6]. It is also necessary to implement radar sensors in a higher frequency range,
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such as the millimeter-wave band to reduce the size of the antenna of the implemented radar module
and to obtain high-resolution characteristics.

In this paper, an orthogonal frequency-division multiplexing (OFDM) radar technology based
on multi-carrier that operates in the 24-GHz frequency band from 24 GHz to 24.5 GHz is used to
obtain more accurate measurements of respiration and heart rate at the same time, even if there is
driver movement [6]. For the transmitter architecture suitable for the new OFDM approach, unlike the
previous CW Doppler radar transmitter structure, a 24-GHz direct-conversion transmitter with a highly
linear up-conversion mixer and a balanced I/Q local oscillator (LO) generator is proposed for in-cabin
radar applications. It is designed and fabricated in a 65-nm RF CMOS process and provides high
linearity and I/Q balancing characteristics. In the following sections, the circuit analysis and design of
the transmitter and the measured results are described in detail.

2. Circuits Design

Figure 1 shows a block diagram of the designed 24-GHz direct-conversion CMOS transmitter
for in-cabin radar applications. A direct-conversion transmitter architecture is highly suitable for
short-range monitoring systems in a vehicle because it does not require a wide range of gain control
and can alleviate the problem of carrier leakage [7,8]. The presented 24-GHz CMOS transmitter
consists of an I(in-phase)/Q(quadrature-phase) up-conversion mixer, an I/Q LO generator, and a power
amplifier. The OFDM modulation I/Q signals from the digital baseband are connected to the baseband
analog I/Q input of the transmitter through direct coupling after passing through a digital-to-analog
converter (DAC) and a low-pass filter (LPF). The baseband analog I/Q input signals are converted into
the 24-GHz RF output signal using the LO input signal, which comes from a frequency synthesizer or
an external LO signal source, by the I/Q up-conversion mixer. Finally, the up-converted RF output
signal is amplified by a power amplifier to achieve the desired RF output power level.
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Figure 1. Block diagram of the proposed 24-GHz direct-conversion transmitter.

Figure 2 presents the proposed I/Q up-conversion mixer with an inverter-type transconductor.
The I/Q modulator shares the load of the I-path and Q-path of the up-conversion mixer to generate
the single-side-band (SSB) output signal. An on-chip transformer TF;, which is used as a load for
the I/Q modulator, is optimized to achieve inter-stage matching between the output stage of the
up-conversion mixer and the input of the power amplifier for maximum power transfer. To increase the
output power while reducing the direct current (DC) power consumption of the transmitter front-end
circuits, the linearity of the up-conversion mixer should be able to receive large baseband analog
signals. Transconductance linearization techniques, such as the derivative superposition method
and the multiple-gated transistor (MGTR) technique, can be employed to improve the linearity of
the up-conversion mixer [9,10]. However, because the baseband analog I/Q signals of the DAC are
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connected through direct coupling to the input of the I/Q up-conversion mixer, it is difficult to apply the
transconductance linearization technique to the up-conversion mixer, which has to apply different DC
bias voltages to the gate of the main transistor and the auxiliary transistor. Therefore, a linearization
technique suitable for the up-conversion mixer is proposed that utilizes the concept of complementary
CMOS parallel push-pull (CCPP) [11].

.............................................................

TF1 RFt:rutput+
=) to PA
RFoutput-

from 1/Q LO generator

Figure 2. Simplified schematic of the proposed I/Q up-conversion mixer. (For simplicity, Q-path
up-conversion mixer, direct current (DC) bias resistors, and alternating current (AC) coupling capacitors
for switching transistors are omitted).

As is already known, an inverter-type transconductor composed of NMOS and PMOS has
larger transconductance than a conventional NMOS transconductor at the same DC current
consumption [12-14]. Additionally, a single-ended inverter-type amplifier has higher input-referred
second-order intercept point (IIP2) performance due to the complementary characteristics of NMOS
and PMOS than a conventional single-ended NMOS common-source amplifier [15].

In this paper, we propose the inverter transconductor to obtain a high input-referred third-order
intercept point (IIP3). As shown in Figure 3a, if a small signal input voltage v;, is applied to the inverter
transconductance stage of the up-conversion mixer, the small signal drain currents of NMOS M1 and
PMOS Mp,; can be expressed as

inl = §mnVin + g;n.nvizn + g;;z.nv?n +eey 1)
ipl = gm~P(_viﬂ) + g;n.p(_vin)z + g;.p(_vin)g +eeey ()

where g7, is the first derivative and g, is the second derivative of the transconductance g, with respect
to the small signal input voltage vj,, respectively. The process of deriving g}, and g/, is described in
detail in [11,15]. The small signal output current is expressed as

lo = in1 = irﬂ = (g"ﬂ + gMZ)Uin + (g;nn - g;n.p)szn + (g/r;ln + g;;t.p)v?n +- (3)

In (3), it is difficult to make the second derivative and third derivative of the small signal output
current zero at the same time because the optimum condition for gj, , = g7, is different from the
optimum condition for g, ,, = — g;'w. The second-order nonlinearity and third-order nonlinearity of the
CMOS circuit are dominated by the g;, and g/, nonlinearity, respectively [11]. Even though the second
derivative of the small signal current is not zero, as shown in Figure 3b, the differential characteristics
of the double-balanced up-conversion mixer shown in Figure 2 can lead to high IIP2 performance due
to the double-balanced up-conversion mixer. Therefore, we choose the proper PMOS My, transistor
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size to meet the optimum condition, under which the g, ,, term of NMOS can be cancelled by the
Smp term of PMOS. It can make the proposed up-conversion mixer achieve high IIP3 performance.
As shown in Figure 3b, when the width of PMOS M1 with a channel length of 65 nm is approximately
60 um, the third derivative of the small signal output current i, is zero. Figure 4 shows the simulated
output-referred third-order intercept point (OIP3) of the proposed up-conversion mixer according
to the width of PMOS My,; with a channel length of 65 nm. The highest OIP3 performance of the
up-conversion mixer is achieved when the width of PMOS Mp; with a channel length of 65 nm is
approximately 70 pm, which is slightly different from the optimum width of 60 pm of the inverter PMOS
transistor from the small signal input voltage output current analysis in (3), because NMOS switching
transistors’ nonlinearity exists. The proposed up-conversion mixer achieves more than 4 dB OIP3
improvement in comparison to the conventional up-conversion mixer with an NMOS transconductor.
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Figure 3. (a) Inverter-type transconductor (NMOS M;,; and PMOS M,,1) and switching transistors My,
and M3 from up-conversion mixer, (b) g, and g, of small signal output current i, of inverter-type
transconductor over the width of PMOS Mj,; with a channel length of 65 nm.
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Figure 4. Simulated output-referred third-order intercept point (OIP3) performance and DC current
consumption of the proposed up-conversion mixer over the width of PMOS M1 with a channel length
of 65 nm.

Figure 5 shows a simplified schematic of the proposed I/Q LO generation circuit. The proposed
I/Q LO generation circuit is composed of a single-ended cascode amplifier, a single-to-differential
common-source amplifier, a 2nd-order RC polyphaser filter (PPF), and two differential common-source
amplifiers. To generate the I/Q LO signals, the first-order RC PPF composed of resistor R and capacitor
Crq is used in the RF band whose frequency is lower than the millimeter-wave band, and the mismatch
characteristics of Rp; and Cp; determine the I/Q balancing performance of the LO generator [16].
The resistance and capacitance are set at 1/271(Rg; Cy) to the desired operating frequency. In RF bands
with relatively low frequencies, line inductance is usually negligible because the impedance of line
inductance by metal routing is small. However, even in the case of metal routing with a small line
inductance, the corresponding impedance cannot be neglected at the millimeter-wave frequency, so line
inductance by metal routing must be considered.

Poly-phase filter based I/Q generator
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Figure 5. Simplified schematic of the proposed poly-phase filter-based I/Q LO generation circuits.
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Figure 6 shows the simplified 1st-order poly-phase filter including parasitic line inductance (L,
Ly2, Ly3, and Ly4) by metal routing to connect the resistors and capacitors. The transfer function of the
1st-order poly-phase filter can be expressed as

Viout(@) (1 - wzc(Lpl + Lpz))'(l - szpZC) + j(w3Lp2RC2 - a)RC)

= “)
Vin(w) (1-@2C(Lpn +L2))” +@2R2C2

Voour(@)  @*LpaC3(Lys + Lya) + @?(R*C? = LpyC) + j(wRC - 0’LyaRC?)
Vin(@)

(5)
(1 - wzc(L,,3 + Lp4))2 4 W2R2C2

Figure 6. Simplified 1st-order poly-phase filter including parasitic line inductance by metal routing.

To ensure that the LO signals of the I path and the Q path have the same magnitude and 90 degrees’
difference, the following conditions are derived from Equations (4) and (5):

Lpl = Lp2 = Lp3 = Lp4 (6)
1
w =
JC(CR? + Ly +Lya)

@)

From Equation (6), the lengths of the connecting line should be as similar as possible so that the
parasitic inductance value is the same. Figure 7 presents a layout of 1st-order poly-phase filter of
Figure 5, which is an example to make the lengths (A1 + A = Az + Ay = A5 = Ag) of the connecting
lines similar. In addition, the poly-phase filter is designed by determining the resistance value
and the capacitance value of the poly-phase filter in consideration of the parasitic inductance value
from Equation (7). In our design, the inductance of L;~L, is approximately 20 pH. As shown in
Figure 8, the proposed poly-phase filter-based I/Q LO generation circuits achieve good balancing I/Q
performance by considering the parasitic inductances of the connecting lines in the schematic design
and layout. In general, a mixer circuit is designed to operate in a region which is insensitive to the
amplitude variations of the LO signals. Therefore, although the magnitude mismatch between the I-
and Q-paths of the proposed poly-phase filter-based I/Q LO generation circuits is less than 0.25 dB,
the simulated gain of the designed I- and Q-paths of the up-conversion mixer is the same.

Figure 9 shows a simplified schematic of the two-stage power amplifier. The power amplifier
consists of a driver-stage amplifier and a power-stage amplifier [17,18]. The driver-stage amplifier
employs a cascode structure and a symmetric inductor with a center tap, which is connected to a supply
voltage of 2.1 V. The power-stage amplifier adopts the cascode structure and a 3:1 on-chip transformer
for output 50-Q) matching. The simulated OP1dB and OIP3 of the two-stage power amplifier are
9.7 dBm and 17 dBm, respectively. The simulated peak PAE of the two-stage power amplifier is 15%.
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Figure 7. Layout diagram for 1st-order poly-phase filter.
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Figure 8. Simulated magnitude and phase mismatch between the I- and Q-paths of the proposed
poly-phase filter-based I/Q LO generation circuits.
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Figure 9. Simplified schematic of the two-stage power amplifier.
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3. Results

The proposed 24 GHz transmitter was implemented in a 1-poly 8-metal 65-nm RF CMOS process.
Figure 10 shows a photograph of the proposed 24-GHz transmitter. The chip size is 1.5 mm x 0.8 mm,
including pads. The current consumption of an I/Q up-conversion mixer and an I/Q LO generator is
8.6 mA and 11.4 mA at a 1.2-V supply voltage, respectively. The current consumption of the power
amplifier is 60 mA at a 2.1-V supply voltage. In our measurement, —10 dBm of LO power was applied
at the LO input port. Figure 11 shows the measured return losses of the proposed 24-GHz transmitter.
The return losses of the RF output and LO input were less than —10 dB at the operating frequencies.

e RF output matching

a| ==LO input matching

0

2

-4 @ TX ouput port
6

3 @ LO input port

Return loss (dB)

20 22 24 26 28 30
Frequency (GHz)

Figure 11. Measured return loss versus operating frequencies.

Figure 12 shows the measured output signal power of the transmitter according to the input signal
power and the measured output spectrum of the transmitter according to various LO frequencies.
As seen in Figure 12a, the measured OP1dB of the transmitter was approximately 8.6 dBm. The LO
leakage and image rejection ratio were less than —48 dBc at the operating frequencies from 24 GHz
to 24.5 GHz thanks to the proposed I/Q LO generation circuits. The LO leakage performance was
achieved by symmetric I/Q layout and good balanced differential LO signals, which were verified
by post-layout simulation and full electromagnetic simulation including all passive components and
routing lines.

Table 1 summarizes the measured results of the proposed 24-GHz transmitter and compares
its performance with that of other published millimeter-wave (mm-wave) transmitters [19-21].
The proposed transmitter exhibits higher LO leakage and image rejection ratio with compatible
OP1dB performance and power consumption than other CMOS mm-wave transmitters.

Table 1. Performance comparison with CMOS mm-wave transmitters.

Reference [19] [20] [21] This Work
Frequency (GHz) 28 26 24 24
OP1dB (dBm) 5.8 10 - 8.6
LO leakage (dBc) -31 -21.7 —42 —48
Image rejection ratio (dBc) =37 -289 —24 -49
Power consumption (mW) 111 267 118 150

Technology 65-nm CMOS  65-nm CMOS  130-nm CMOS  65-nm CMOS
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Figure 12. (a) Measured output power at RF output frequency of 24 GHz, (b) measured output spectrum
at 5 dBm of desired RF signal output. (IF frequency used was 10 MHz).

4. Conclusions

A 24-GHz direct up-conversion transmitter with a highly linear I/Q up-conversion mixer and
a balanced I/Q LO generator was proposed for in-cabin radar applications. It was designed and
fabricated in a 65-nm RF CMOS process and provides high linearity and I/Q balancing characteristics.
The proposed transmitter exhibits a high OP1dB, a high LO leakage rejection, and a high image rejection
ratio with low power consumption. Therefore, the proposed transmitter is suitable for an in-cabin
radar transceiver.
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