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    Abstract  
 
 This manuscript describes our 17.4GHz 0.18μm-CMOS doubler and 77GHz 65nm-CMOS tripler designs. For 
the doubler, attention has been made on effectively suppressing the fundamental, third and forth harmonics using LLC 
filtering networks and balun. As for the tripler, the unwanted second-order harmonic can be suppressed through the use 
of large source impedance on the differential pair while the fundamental signal leakage is removed by an embedded 
notch filter; therefore, the intended third-harmonic output is almost 40dB larger than all the other spurious signals. The 
tripler chip size is 700×940um, and it consumes 93mW under 1.2V bias; the 3dB bandwidth for output is 9GHz. 
 

1. Introduction 
 
 Frequency multipliers, either doubler or tripler, are commonly used in the microwave and millimeter-wave 
circuits. As is well known, applications of the W-band (77~110GHz) in electromagnetic spectrum include 77GHz 
vehicular anti-collision radar, 94GHz imaging sensor and broadband wireless communication where a reliable signal 
source is indispensible. To have small phase noise and wide tuning range, a frequency multiplier has to be designed and 
connected to a stable low-frequency oscillator. Traditionally, compound semiconductor process is the preferred 
technology for multiplier design though CMOS process also shows promise in recent years [1-4]. This then prompts us 
to design a 77GHz wideband tripler using TSMC 65nm-CMOS process. In order to gain more experiences, we would 
like to first try the design of microwave frequency doubler using 0.18μm-CMOS process, and then move onto the more 
challenging W-band tripler circuit. In the following sections, we will describe our 17.4GHz doubler design, followed by 
a brief discussion on the transistor’s nonlinear behavior which can be used to explain the frequency multiplication 
mechanism, and then the tripler circuit design and its measured results.  
     
    3. Microwave CMOS Frequency Doubler Design 

 
 Fig. 1 displays the schematic and photograph of the 17.4GHz microwave frequency double. To convert the 
8.7GHz input signal into its differential-mode counterpart, a Marchand balun is employed [5]. The resistive output 
loading, as required by this balun for achieving its intended performance, comes from the equivalent source resistance 
of the following common-gate transistors. Each transistor’s drain-bias inductor Ld, together with Cgs of the common-
source differential-pair, constitute a shunt peaking circuit; the 8.7GHz signal can thus be boosted to push the 
differential-pair into nonlinearity and generate the 17.4GHz second-harmonics. To further improve the conversion 
efficiency, the source and drain admittance of the differential-pair have both been optimized. As Ysource looking into the 
LaLbCb circuit is 

𝑌source =
1

𝑗𝜔𝐿a
+

1
𝑗𝜔𝐿b + (1 𝑗𝜔𝐶b⁄ )

 

 
Therefore, Ysource approaches zero when the angular frequency ω equals to 1 �𝐿b𝐶b⁄   (= 2π．17.4GHz), and it becomes 
infinity when the frequency is 1 �(𝐿a + 𝐿b)𝐶b⁄   (= 2π．8.7GHz). Likewise, 𝐿a′ , 𝐿b′ , and  𝐿c′  on the drain of the 
differential-pair can be set to be open-circuit at 17.4GHz and short-circuit at 34.8GHz. Such arrangement allows the 
intended 17.4GHz signal to be effectively extracted while the unwanted 8.7GHz and 34.8GHz, i.e., fundamental and 
fourth harmonic, output signals to be suppressed. Fig. 2(a) shows the input and output reflection coefficients of the 
doubler. Fig. 2(b) is the conversion gain versus input power. Compared with the second-harmonic one, the residual 
8.7GHz fundamental signal and other higher-order harmonics are all very small. Fig. 2(c) is the second harmonic 
conversion gain versus the input frequency. The maximum value around 8.7GHz is due to the LdCgs resonance circuit 
right after the common-gate transistors. Fig. 2(d) is the measured output spectrum. 
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Fig. 2    Measured performance of the CMOS frequency doubler. 

 
 

4. Millimeter-Wave CMOS Frequency Tripler Design 
 

 The idea of frequency multiplication can be understood through the use of Taylor expansion for the 
transconductance [6]. For an input signal of frequency ω, the transconductance can be modulated and then expressed as 
Gm(t) = Gm0 + Gm1 exp(jωt) + Gm2 exp(j2ωt). Here Gm0 is responsible for signal amplification, Gm1 for frequency 
doubling, Gm2 for frequency tripling, and they are all functions of gate bias voltage Vgs. Fig. 3a is the I-V curve of a 
65nm-CMOS transistor, with size of 2×20μm, from TSMC, which can be used to derive the transconductance. Fig. 3b 
shows the corresponding Gm0, 200Gm1, and 20Gm2 , as curves 1, 2 and 3, under different gate biases. With 50Ω input and 
output loading for the transistor, the linear and nonlinear gain for -10dBm input signal is displayed in Fig. 3c, which 
resembles the transconductance curves and the optimized gate bias for frequency tripling is 0.2V. Here curves 1, 2, and 
3 correspond to the fundamental, second and third harmonics. However, if the input is increased to 10dBm, a relatively 
large signal, then different gain curves will be observed, as in Fig. 3d; in this case, the gate bias should be around 0.7V 
and that is close to Vgs used for small-signal amplification. Therefore, if we want to integrate the frequency tripling and 
input/output signal amplification into one chip, it is possible using one single gate bias voltage.  
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Fig. 1   Photograph and schematic of the CMOS frequency doubler. 

Fig. 3    Characteristic of the 2×20μm transistor where curves 1, 2, 3 are fundamental, second, and third harmonics. 
 



 

 
 

Fig. 4   Photograph and schematic of the 65nm-CMOS frequency tripler. 

 
Fig. 5   Conversion gain vs. input power for the 65nm-CMOS frequency tripler. 

 

 
Fig. 6  Output power vs. output frequency for the 65-nm CMOS frequency tripler. 



 
Fig. 7   Output power vs. input frequency of the fundamental, second, third and fourth harmonics. 

 
Fig. 4 shows the photograph and schematic of the circuit, where the chip size is 700×940μm2; with 1.2V drain 

bias and 0.7V gate bias, the total power consumption is 93mW. This tripler is made of input amplification, frequency 
tripling, and output amplification. The Marchand balun at the input allows the single-ended signal to be converted to its 
differential counterpart. The amplified signal will then be fed to the frequency tripling stage where the source inductor 
is designed to have high impedance at about 50GHz for second-order harmonic suppression; by contrast, the intended 
77GHz will be unaffected because of the virtual ground at the source node. A notch filter is constructed between the 
second and third stages to effectively remove the fundamental signal. After the final 77GHz signal amplification, 
another Marchand balun is employed for single-ended signal output. Fig. 5 shows the conversion gain of the tripler at 
77GHz for different input power level where the maximum conversion gain, -14dB, occurs at 8.5dBm input power. Fig. 
6 shows the conversion gain with different frequency where the input power is 8.5, 10.5, and 12.5dBm, respectively; the 
3dB bandwidth is around 9GHz. The fundamental, second, third, and fourth harmonic output are shown in Fig. 7.  It is 
clear that the intended third-harmonic signal is at least 38dB larger than all the unwanted spurious signals across the 
whole frequency range. 

 
5. Conclusion 

 
 Both the frequency doubler and tripler have been designed and measured. The 17.4GHz frequency doubler is 

made of 0.18μm CMOS process and has its intended second-harmonic at least 20dB larger than the fundamental 
leakage signal. With the employment of input gain peaking and output signal amplification, the overall conversion gain 
is close to 7dB. The W-band frequency tripler covering 77~86GHz is designed in 65nm CMOS technology where only 
one drain and one gate bias are required. With the use of differential structure and notch filter, the intended third-
harmonic output can be at least 38dB larger than all the unwanted spurious signals. The maximum conversion gain is 
around -14dB when the input power is 8.5dBm. 
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