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Abstract-This paper proposes a novel harmonic rejection mixer 

(HRM) designed for wideband transmitter. The HRM was 

designed and simulated in O.13um CMOS technology. The 3rd 

and 5th order harmonics are suppressed more than 30dB up to 

IGHz operational frequency. The LO attenuation is more than 

lOOdBc. Input PldB is higher than lldBm. Core circuit 

consumes negligible power consumption. 

I. INTRODUCTION 

A group of interesting mixers rely on sub-sampling theory 
of RF signals [1-3]. The advantage of sub-sampling mixer is 
the sampling frequency can be much lower than the RF 
frequency, only a fraction of fRF. Very high operation 
frequency can be achieved without the use of state-of-art 
technology, which makes itself suitable for software defmed 
radio [4] and digital CMOS technology. The disadvantage 
with sub-sampling mixer is it will fold back more noise into 
baseband or low IF band. Hence a pre-filter is needed to 
attenuate out-of-band noise. The sub-sampling mixer can be 
implemented by switches and capacitors, which makes it a 
passive mixer as well. Thus it has the typical advantage of 
passive mixers, e.g., high IP3 performance and low power 
consumption. 

Sub-sampling mixers still share one common problem with 
traditional mixers, i.e., that the harmonics will modulate each 
other resulting in inter-modulation products which fall within 
interested frequency band. Both LO signal and RF signal can 
contribute harmonics. The rectangular LO waveform with 
50% duty cycle contains plenty of odd order harmonics. RF 
signal received at antenna usually exhibits less harmonics, but 
it has various kinds of interference, e.g., multiple channels in 
the nominal band. DVB-H standard occupies 470 to 862MHz. 
Interference also comes from out of band when the front end 
system does not give enough attenuation. GSM standard 
operates at both 900MHz and 1.8GHz. The inter-modulation 
products appear at nominal IF or baseband as spurs, and 
interfere with desired signal. Table I shows a simple example 
with 500MHz RF input and 400MHz LO, hence the IF is at 
100MHz. Only up to 4th order harmonics are considered. 
From the table, 2nd harmonics of both RF and LO generate IF 
at 200MHz, which is 100MHz away from nominal IF. 
However third harmonic of RF signal and 4th harmonic of LO 
generate IF signal exactly at same frequency. 

TABLE/, SPURS OF MIXER INTER-MODULA nON 

RF (GHz) LO (GHz) IF (MHz) 

0.5 0.4 100 

1 0.8 200 

1.5 1.6 100 

0.9 0.8 100 

1.3 1.2 100 

Figure I. Continuous time harmonic rejection mixer 

Additionally if the interferences exist at 0.9GHz and 
1.3GHz, they will generate the 100MHz IF spurs with 2nd and 
3rd LO harmonics. Therefore in order to eliminate the spurs 
interference, it is appropriate to adopt harmonic rejection 
mixer (HRM) which targets at LO harmonics. There is not 
much improvement to be done at RF port since it is hard to 
distinguish RF co-channel signals with interference. 
Furthermore the harmonic rejection mixer shows the reduction 
in LO pulling effect and LO feed-through effect. 

Harmonic rejection mixer can be implemented in 
continuous time domain [5] as shown in Fig. 1. The circuit is 
composed of three active Gilbert switch mixers. They share 
the same RF port but different LO ports. The three different 
LO clocks have 50% duty cycle but with one eighth duty cycle 
time lag. Additionally the center branch is biased to provide 

-J2 times transconductance. Totally the combination of three 
branches generates an equivalent eight times sampled 
sinusoidal waveform. From the knowledge of Fourier 
transformation, it has no 3rd and 5th order harmonics ideally. 
The most troublesome harmonics are suppressed. 7th order 
harmonic still exists but the amplitude is smaller. 
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Figure 2. Block diagram of HRM transmitter 
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Figure 3. Frequency up-conversion of HRM 

The cost of this harmonic rejection mixer is it needs three 
clocks with different time delays. Thus a frequency 
synthesizer with frequency higher than LO is indispensible. 
And the mixer clock signals will be generated by an extra 
circuit. Since the frequency synthesizer works at different 
speed from LO frequency (RF frequency in direct conversion 
receiver), the incoming RF signal has less effect on LO 

pulling. 

Harmonic rejection mixer can be implemented in discrete 
time domain as well [6]. The mixer was based on weighted 
capacitors for superior matching properties. It was applied in 
wideband receivers. 

In this paper, a novel discrete time harmonic rejection 
mixer applied in transmitter is proposed. With the 3rd and 5th 
order harmonics suppressed, the quality requirement of 
following RF filter is relieved, which makes the HRM a good 
choice of on chip mixer in CMOS transmitter. 

I I. SCHEMATIC AND OPERATIONAL PRINCIPLE 

The harmonic rejection mixer based transmitter is shown 
in Fig. 2. Two quadrature HRMs are cascaded after digital to 
analog converters (DA C). The quadrature LO clocks are 
generated by eight-phase clock generator and the quadrature

phase is delayed by!!. relative to in-phase. The LO clock is 
2 

eight times sampled sinusoidal waveform of RF frequency. . .  [ 11: 11: 311: 511: 311: 711:] The eight samplIng phases are 0'4'Z'4,rr'4'Z'4 . 
Because of the quadrature property, when in-phase clock 
amplitude is at maximum value the quadrature LO amplitude 
is at its zero value, and vice versa. Either in phase HRM or 
quadrature HRM stops working at these phases. Therefore at 

these instances, [0, �, rr, 3
2
11:] , the computation load is cut 

greatly, which can be translated to chip area saving. While at [11: 311: 511: 711:] . the left phases, - , - , - , - , m phase clock has same 
4 4 4 4 

4>1 n IL 
4>2 ..JlL ____ _ 

4>3 ---.ll'--___ _ 

4>4 � 
4>5 n'--__ _ 

4>6 nL... __ _ 

4>7 � 
4>8 � 

(a) 

Circuit diagram 

<1>2 or <1>6 - '+-'---:" � 
$2 

-1--

$4 

<1>1 or¢>5 

p'"'' or <1>8 

<1>3 or <1>7 

or <1>6 re" 
-1+-- <1>2 or <1>6 

$1 
'----0-
$3 rr: 
:;-- 5Cu 

.'--- I $4

" 

$
8 

-1---

-0·--
$7 

� .. or <1>4 

4Cu <1>30r<1>7 -0--

,,$
8 I 

<1>3 or <1>7 

p.". 
¢>50r¢>1 

p'"'' 
<1>4 or <1>8 

lJ 
(b) 

Figure 4. (a) Eight phase LO clocks (b) Schematic diagram of HRM 

amplitude value as quadrature clock. This property helps 
improve the match performance between I1Q paths. The 
digital Fourier transformation of eight times sampled LO is: 

(1) 

[ -../2 -../2 -../2 -../2] . 
where h(n)= 0- 1 - ° -- -1 -- IS the sampled , . .  , 2 ' ' 2 " 2 ' , 2 

sinusoidal waveform, n E [O,Zrr) is the digital angular 

frequency. The fundamental tone is at n = 
!!.; 3rd harmonic is 

4 
at n = 311:; the 5th harmonic is at n = 511:; and 7th harmonic is 

4 4 
at n = 711:. Eq. (1) is easily evaluated at these frequencies. The 

4 
3rd harmonic and 5th harmonic will disappear, while 7th 
harmonic has same amplitude as fundamental tone. In 
practice, sampling circuit will keep the electric charge over 
capacitors in holding period, thus make the effective LO 

waveform a step function between consecutive sampling 
points. The sampled sinusoidal waveform convolving with the 
step function will attenuate the 7th harmonic. Fig_ 3 illustrates 
the frequency conversion principle and harmonics rejection of 
proposed HRM transmitter. The 3rd and 5th order harmonics 
are attenuated and only 7th order harmonic remains. The filter 
requirement can be greatly relieved. 
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While in continuous time domain HRM can be 
implemented by active Gilbert switch mixers, in discrete time 
domain HRM can utilize the sample and hold circuit. The 
different LO amplitude is implemented by different capacitor 
value weighting. The capacitors have better match 
performance (mismatch usually less than 0.1 % in CMOS 
technology) than current mirror and transconductance used in 
active mixers. Mismatch leads to the re-growth of 3rd and 5th 
order harmonics. The circuit diagram of discrete time HRM 
and LO waveforms are shown in the Fig. 4. The HRM has the 
differential outputs. For the sake of simplicity, only the 
positive output is plotted in the diagram. Every switch is 
turned on or off by the clock labeled next to the switch. 

Fig. 4 (a) shows the eight LO clocks with one eighth duty 
cycle and different phases. They are generated from a master 
clock with frequency 4fe, where fe is the carrier frequency. At 

clock phases [0, �,IT, 3
z
n] center branch in Fig. 4 (b) charges the 

in-phase or quadrature signals alternatively onto 5 ClI ( Cli is 
unity capacitor), then share the electric charge with second 
stage capacitor 3 ClI in next one eighth cycle. The input voltage 
is multiplied by 5/8 weighting factor at output. At clock [n 3n Sn 7n] h h phases -, -,-,- , top branch and bottom branc c arge 

4 4 4 4 
the inputs simultaneously onto 4 ClI and then share them with 
each other plus a Cli capacitor. That makes the weighting 
factor 4/9. Hence the ratio of two factors is 1.4, an 

approximate value to .J2. 
The switches are implemented by double transmission gate 

where NMOS/PMOS pair is adopted to reduce the on 
resistance dependence on input level for linearity 
improvement, and to cancel the injected charge with each 
other. Two PMOS d ummy cells are inserted before and after 
the gate to cancel the additional charge injection and clock 
feed-through by PMOS transistor because PMOS usually is 
much larger than NMOS. 

LO signal fully swings from OV to 1.5V. The common 
mode voltage is biased at 0.75V. The simulated on resistance 
at 0.75V input is approximate 14n. It is postulated that source 
impedance is son for a standard RF interface. Therefore there 
are total 64n resistance and 460fF (5 ClI) capacitance. The 
related time constant is calculated as 30pS. That means the 
step response will take 4.6x30=138pS to reach 99% of [mal 
steady value. Because the sampling frequency is eight times of 
RF frequency as shown in Fig. 4 (a), the maximum operation 
frequency of this mixer is no more than 1 GHz. This is the 
design target for this 0.13um CMOS technology. There is 
always a tradeoff between speed, noise and charge injection. 
Reducing the capacitance further will increase the speed at the 
cost of bigger noise. Increasing the transmission gate size also 
incurs the large charge injection. 

The HRM is basically a passive mixer. Hence it inherits 
the same properties of low power dissipation, high linearity 
and low flicker noise. 

I I I. SIMULATION RESULTS 

The HRM was designed and simulated in 0.13um CMOS 
technology. 

.9 

·9 

.g .1 �� 
)r" ......., 

.2 

1/ '\. .3 

) 1\ .4 II \ .5 

� ) 
6

1/ 

.g 

·9 \ 

·9 .8 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

LO frequency (GHz) 

Figure 5. Conversion gain with LO frequency 

Quasi-Periodic Noise Response 
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Figure 6. SSB NF of HRM with frequency 

1.2 

Although the technology has the RF property, the HRM only 
used standard MOS transistors and capacitors, which makes it 
practical in digital CMOS process. The HRM core operates 
with a supply voltage of 1.5V and consumes no quiescent 
current. A eight-phase LO generation circuit is designed with 
HRM to generate eight phase clocks. 

The simulated conversion gain relative to LO frequency is 
shown in Fig. 5. From the diagram, it is observed that the 
conversion gain remains under -9dB regardless of frequency. 
Fig. 4 (b) shows that the maximum weighting factor is 5/8. 
Therefore the frequency conversion can be expressed as 

5 
RF = Scos(wct) x COS(WLt) 

,where we is LO angular frequency, WL is angular frequency 
of baseband signal. The amplitude of modulated signal is 5/16, 
which approximates -10dB. The simulation result justifies the 
theoretical calculation. Because there is no active amplifying 
stage in this HRM, the conversion gain is low and might 
degrade the noise performance at following stages. This can 
be compensated by inserting an amplifying buffer behind or 
before the HRM . 

The SSB NF of HRM with different LO frequency is 
simulated and results are shown in Fig. 6. The noise figure 
varies from 18.25dB to maximum 19.7dB with LO frequency 
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Figure 7. 3rd and 5th harmonic rejection ratio with LO. 
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Figure 8. LO attenuation at output port. 

ranging from lOOMHz to 1 GHz. This result is comparable 
with [6] which used 65nm CMOS. Furthermore the NF 
remains relatively stable over frequency unlike [6]. The NF 
rises at high frequency end which is a reasonable observation. 
This NF performance beats that of sub-sampling mixer of [2] 
and most of other passive mixers listed in [2]. 

The Fig. 7 shows the simulated 3rd and 5th order harmonic 
rejection ratio with LO frequency. The 3rd order rejection 
ratio is more than 30dB, and the maximum value reaches 
35dB while this ratio is 9dB in typical Gilbert switch mixers. 
The H R  ratio will drop when frequency approaches 1 GHz 
because the higher frequency makes the sampling circuit hard 
to settle down within sampling cycle. Therefore the weighting 
factors will deviate from their ideal values. The 5th order 
harmonic rejection is higher than 3rd order. The accuracy of 
suppression is determined by capacitance value ratio. Deeper 

suppression can be obtained if ratio is closer to.,[2. However 
the mismatch in LO generation circuit introduces the phase 
error which results in worse harmonic rejection. Further 
investigation is worthwhile when phase error dominates the 
rejection performance. 

The HRM also possess the property of LO isolation. The 
HRM is different from the traditional mixer since it has more 
than one LO port and LO clock (eight in this design). 
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Figure 9. IPldB with LO frequency. 

Therefore it is harder to define the LO isolation. In this 
paper, the LO attenuation is defined as LO signal amplitude 
relative to modulated signal amplitude in unit of dB at output 
port. The corresponding simulation result is shown in Fig. 8. 
The LO attenuation is more than lOOdB lower relative to the 
modulated signal, thus LO leakage will not in fluence the 
signal. 

Due to the passive property of HRM, it possesses the 
characteristic of high linearity. The input 1 dB compression 
point is simulated and shown in Fig. 9. The input P ldB ranges 
from I ldBm to 15.5dBm over frequency of lOOMHz to 
IGHz. 

IV. CONCLUSION 

In this paper, a novel HRM is presented and demonstrated. 
With the eight-phase LO clocks, the 3rd and 5th order 
harmonics are attenuated more than 30dB, which reduces the 
inter-modulation products and relieves the filter requirement. 
Good LO isolation and nonlinearity performance are achieved 
due to HRM passive property. Noise figure is comparable with 
other mixer designs. The HRM core circuit consumes 
negligible power which makes it a good candidate in low 
power application and digital CMOS technology. 
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