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Abstract. This work proposes a novel pre-distortion 
technique for the quantization noise cancellation of frac-
tional-N frequency synthesizers. The proposed technique 
utilizes the coordinate rotation digital computer (CORDIC) 
algorithm to pre-distort the baseband signal of a wireless 
system with the quantization noise. The pre-distorted signal 
then modulates the noisy output signal of the fractional-N 
frequency synthesizer. The transmitter (Tx) modulation 
quality is thereby improved. In the receiver (Rx) mode, the 
phase noise of the Rx carrier signal can also be improved 
by modulation with a pre-distorted sinusoidal signal rather 
than a baseband signal. Experimental results demonstrate 
that the novel pre-distortion technique effectively improves 
the modulation quality of a Tx by an error vector magni-
tude (EVM) of about 10 % under a 13 Mbps QPSK modu-
lation. The carrier in-band and out-band phase noise of the 
fractional-N frequency synthesizer is improved by ap-
proximately 6 dB and 10 dB, respectively. 
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1. Introduction 
Wireless communication systems always require 

high-performance frequency synthesizers to provide stable 
RF carrier signals for the up-conversion, down-conversion, 
modulation and demodulation of signals. Since the latest 
consumer wireless systems, such as smartphones and 
tablets, apply orthogonal frequency-division multiplexing 
(OFDM) to provide a high spectral efficiency, the in-band 
phase noise of the RF carrier signals should be as low as 
possible [1]. Furthermore, the latest wireless communi-
cation systems typically support multiple wireless stand-
ards to be flexibly used in various wireless applications. 
Consequently, the locking time and frequency resolution of 
frequency synthesizers should be optimized for fast and 
precise frequency switching, respectively. To achieve these 

goals, fractional-N frequency synthesizers are developed to 
replace traditional integer-N frequency synthesizers [2]-[9]. 

Most fractional-N frequency synthesizers are based on 
phase-locked loop (PLL) architectures and use a digital 
delta-sigma modulator (DSM) to quantize the fractional 
channel selecting information. The quantized results are 
then used to control the integer multi-modulus divider 
(MMD). With this architecture, the frequency resolution of 
the synthesizer increases with the bus width of the DSM. 
Hence, the division ratio N of the synthesizer can be as low 
as possible to improve both phase noise performance and 
frequency switching speed [4]-[6]. However, a tradeoff still 
exists between the phase noise performance and the 
frequency switching speed. The DSM pushes the 
quantization noise from the center frequency to a higher 
offset frequency, and injects this shaped quantization noise 
into the synthesizer via the MMD. To suppress this 
quantization noise, the loop bandwidth of the synthesizer 
must be sufficiently narrow. However, a narrower loop 
bandwidth results in a longer stable time [6]. To overcome 
this issue, various quantization noise cancellation tech-
niques have been proposed. In some investigations, the 
phase-interpolation technique has been used [6], [7]. As the 
DSM quantizes the fractional information, the digital 
quantization noise is converted into the analog domain. The 
analogue quantization noise then phase-interpolates the 
tuning signal of the voltage-controlled oscillator (VCO) to 
cancel the quantization noise, which is injected via MMD. 
Since this architecture requires highly precise digital-to-
analog converter (DAC), synchronization mechanism and 
interpolating circuit for noise cancellation, the circuitry is 
highly complicated. Accordingly, both the die area and 
power consumption are increased.  

Shekhar used a reference signal with a very high 
frequency in a fractional-N frequency synthesizer [8]. The 
DSM quantization noise can be pushed to a several 
hundred MHz offset frequency, which is far away from the 
loop bandwidth, for noise suppressing. However, the 
several hundred MHz reference signal should be 
synthesized by a second PLL and the all-digital DSM also 
operates at such a high frequency, so the total power 
consumption is considerable. Wang proposed a pre-
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distortion technique to eliminate fractional spurs which is 
caused by the DSM [9]. The technique is based on pre-
distorting the DSM inputs by the addition of a series of 
small sinusoidal signals in anti-phase with the principal 
fractional spurs. However, this technique eliminates 
fractional spurs rather than quantization noise. In addition, 
these fractional spurs should be pre-measured and stored in 
a read-only-memory (ROM). This means that the 
architecture requires a high-capacity ROM for storing the 
pre-distorting information of all channels. 

To effectively overcome the tradeoff between the 
phase noise performance and the frequency switching 
speed, this work develops a novel pre-distortion technique 
for quantization noise cancellation. In contrast with the 
Wang’s pre-distortion technique, the proposed pre-
distortion technique eliminates the requirement of a high-
capacity ROM. The proposed pre-distortion technique is 
based mainly on the inherent baseband processing and 
modulation of a wireless system. Hence, the circuitry of the 
proposed fractional-N frequency synthesizer is compact 
and power-saving. Section 2 presents an overview of the 
proposed pre-distortion architecture and analyzes the 
quantization noise cancellation mechanism. Section°3 
presents the experimental proof that the proposed technique 
effectively improves the carrier phase noise and the 
modulation quality. Finally, conclusions are given in 
Section 4. 

2. Architecture and System Analysis 

2.1 Proposed Pre-distortion Architecture 
Fig. 1 presents the proposed pre-distortion technique 

for quantization noise cancellation of fractional-N freq-
uency synthesizers. The quantization noise is extracted 
from the DSM for noise cancellation. In the transmitter 
(Tx) mode, the baseband signal of a wireless system is pre-
distorted by the inverted quantization noise of DSM using 
a pre-distortion filter. The pre-distorted baseband signal 
then modulates the noisy RF signal which is produced by 
the fractional-N frequency synthesizer. Since the RF signal 
has the same quantization noise as the extracted noise, the 
quantization noise in one signal cancels out that in the 
other. Therefore, the loop bandwidth of the proposed 
fractional-N frequency synthesizer can be more easily 
optimized for low phase noise and fast channel-switching 
than can conventional fractional-N frequency synthesizers. 
The improvement in phase noise consequently improves 
the Tx modulation quality of the wireless system. 

In the receiver (Rx) mode, sinusoidal signals replace 
the baseband signals for pre-distortion. The pre-distorted 
sinusoidal signals modulate the RF signal, which is 
produced by the fractional-N frequency synthesizer, to 
cancel out the quantization noise. Therefore, the 
modulation yields a low-noise continuous wave (CW) as 
a perfect carrier signal for use in the Rx of a wireless 
system. 

 
Fig. 1. Proposed pre-distortion technique for quantization 

noise cancellation of fractional-N frequency 
synthesizers. 

2.2 Modified DSM and Extraction of 
Quantization Noise 
To extract quantization noise, a modified second-order 

DSM is developed. Fig. 2 presents this DSM, where L is 
the bus width of the accumulator, and N1(z) and N2(z) are 
the overflow of accumulators. The proposed DSM is based 
on a multi-stage noise-shaping (MASH) architecture. It has 
one more first-order differentiator than the conventional 
DSM at the end of the second accumulator to extract the 
quantization noise. 

 
 

Fig. 2. Modified second-order DSM for extracting 
quantization noise. 

Based on Fig. 2, the quantization result of the 
proposed DSM is derived as 
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where K/2L is the fractional part of the fractional division 
ratio N; eq2 is the original quantization noise, and (1-z-1)2 is 
the noise shaping factor, which represents a second-order 
differentiation. The differentiation can push the quan-
tization noise from the center frequency to a high offset 
frequency. Therefore, 
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2( ) (1 )DSM qe z e z�� �  (2) 
represents the shaped quantization noise of DSM. Based on 
Fig. 2, the extracted quantization noise can be derived as 

 
1

2( ) (1 )ext qe z e z�� �  (3) 
where the noise shaping order is lower than the one of the 
shaped quantization noise eDSM(z)

 
by one. The main reason 

is that the shaped quantization noise eDSM(z) injects into the 
frequency synthesizer with frequency modulation (FM) [6]. 
However, the extracted quantization noise eDSM(z) pre-
distorts the carrier signal with phase modulation (PM) for 
noise cancellation. According to the modulation theory, 
FM can be treated as a combination of first-order 
integration and PM [10]. This relationship between PM and 
FM explains why the noise shaping of the extracted 
quantization noise must be one order lower than that of the 
shaped quantization noise. 

2.3 Noise Cancellation Model and Analysis 
Considering the phase noise requirement in both Tx 

and Rx mode, Fig. 3 presents the phase noise model of the 
fractional-N frequency synthesizer that is shown in Fig. 1 
to analyze the noise cancellation technique. The major 
noise sources presented in a fractional-N frequency 
synthesizer mainly include reference crystal, VCO, CP and 
DSM. Digital circuits such as PFD and divider mainly 
introduce noises on power and ground, so their 
contributions are not included [11]. F(s) represents the 
transfer function of the loop filter. Kd is the combined gain 
of PFD and CP, and Kv is the sensitivity of the VCO. N is 
the division ratio of the MMD. The noise from the VCO, 
reference signal and CP is denoted �n,VCO(s), �n,ref(s) and 
In,CP(s), respectively. The term �n,DSM (s), which is the DSM 
quantization noise in the phase domain, can be derived 
from (1) as 

 
2
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where fref is the reference frequency [4]. The output phase 
noise of the fractional-N frequency synthesizer can be 
derived as  

 , , , ,( ) ( ) ( ) ( ) ( )n RF n ref n CP n DSMs s I s s H s� � �� �� � �� �  

 , ( ) ( )n vco es H s��  
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where 
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The transfer functions H(s) and He(s) have a low-pass and 
a high-pass frequency response, respectively. According to 
(5), the noise �n,ref, In,CP and �n,DSM can be suppressed by the 
system outside the loop-bandwidth. The phase noise �n,VCO 
can be suppressed within the loop-bandwidth by the system. 

 
Fig. 3. Phase noise model of fractional-N frequency 

synthesizer.  

Fig. 4 displays the noise cancellation model of the 
proposed pre-distortion technique in the time domain. 
Based on (5), the quadrature output signals in the time 
domain of the fractional-N frequency synthesizer are 
represented as 
 � �,( ) cos 2 ( )I c n RFRF t f t t� �� �   

 � � � �, ,cos 2 ( ) cos ( )c n PLL n DSMf t t t� � ��� �  
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where fc is the central frequency of the RF signal, and  

 � �1
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L-1 is the inverse Laplace transform. The output of the 
quadrature modulator can be then derived as 
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 � � � �, ,( )sin 2 ( ) sin ( )pd c n PLL n DSMI t f t t t� � ��� �
 

 � � � �, ,( )sin 2 ( ) cos ( )pd c n PLL n DSMQ t f t t t� � ��� �
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(15)

 
where Ipd(t) and Qpd(t) are the pre-distorted I(t) and Q(t), 
respectively. To cancel out the quantization noise �’n,DSM (t) 
shown in (15), Ipd(t) and Qpd(t) are designed as 
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Applying (16) and (17) to (15) yields the output of the 
quadrature modulator as (18), which is shown at the bottom 
of the page. Equation (18) demonstrates that the 
quantization noise �’n,DSM(t) can be theoretically cancelled 
by the proposed architecture. 

Based on (5) and (18), Fig. 5 presents quantization 
noise cancellation of a fractional-N frequency synthesizer 
using pre-distortion technique. The quantization noise pre-
distorts the baseband signal. When this pre-distorted signal 
is used to modulate the RF carrier signal, the quantization 
noise in the carrier signal is cancelled out. Consequently, 
the signal-to-noise ratio (SNR) of the output modulation 
signal is greatly improved and the modulation quality 
exceeds that obtained without quantization noise 
cancellation. 

2.4 Pre-distortion Filter 
To achieve perfect cancellation of quantization noise, 

a well-designed digital pre-distortion filter is required. 
Based on (16) and (17), Fig. 6 presents the vectors of the 
 
original and pre-distorted signals. Pre-distorted signals are 

phase-rotated from the original signals by a phase of 
�’n,DSM(t). Therefore, the coordinate rotation digital 
computer (CORDIC) algorithm can be used to simplify the 
implementation of the digital pre-distortion filter [12]. 
Based on the CORDIC algorithm, the pre-distortion shown 
in (16) and (17) can be realized by iterating the following 
in the digital domain: 

 
 

Fig. 4. Noise cancellation model of proposed pre-distortion 
technique. 

  
� �2

1[ 1] [ 1] [ ] [ ] 2
1 2

i
pd ii

I i I i I i Q i � �

�
� � � � �

�
, (19)

 

 
� �2

1[ 1] [ 1] [ ] [ ] 2
1 2

i
pd ii

Q i Q i Q i I i � �

�
� � � � �

�
 (20)

 
where I[i], Ipd[i], Q[i], Qpd[i] are the sampled I(t), Ipd(t), 
Q(t), Qpd(t) at the ith step, respectively; and �i = 1 is the 
direction of the phase rotation at the ith step. Each iteration 
of (19) and (20) rotates the phase of the vector by tan-1(2-i). 
Following a sufficient number of iterations, the accu-
mulated phase rotation approaches the desired quantization 
noise 
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Fig. 5. Quantization noise cancellation of a fractional-N frequency synthesizer using pre-distortion technique. 

 

 

Fig. 6. Vectors of original and pre-distorted quadrature 
signals. 

  

Fig. 7. Block diagram of proposed pre-distortion filter. 
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(19) and (20) can be simplified as 
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Equations (23) – (26) indicate that the CORDIC-
based pre-distortion can be simply implemented using bit-
shifters, adders and subtracters. Fig.7 displays the block 
diagram of the proposed pre-distortion filter, where two 

root-raised-cosine (RRC) filters are used for the pulse 
shaping of the baseband signal, and 

 � �( ) ( )H z Z H s�  (27) 

is the digitized system-transfer function of the synthesizer. 
To simplify the implementation of H(z), the proposed 
frequency synthesizer utilizes a first-order R-C loop filter, 
which makes the system transfer function H(s) as a second-
order transfer function. (8) can then be re-derived as 
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 (a) (b) 

Fig. 9. Measured constellation points of a 13 Mbps QPSK modulation signal (a) without and (b) with pre-distortion technique. 

 
The digitized system-transfer function shown in (27) can 
then be derived as 
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3. Experimental Results 
Fig. 8 shows the implementation of fractional-N 

frequency synthesizer using pre-distortion technique. The 
frequency synthesizer of this work is a Peregrine product 
with a model number of PE335. The TRF3703-15 
quadrature modulator and ROS-3050-819+ VCO are 
products of Texas Instruments (TI) and Mini-Circuits, 
respectively. The reference frequency and the operating 
frequency of the fractional-N frequency synthesizer is set 
as 20 MHz and 2 – 3 GHz, respectively. The fractional-N 
frequency synthesizer is designed with a 50 kHz loop 

bandwidth. The second-order DSM, channel selector, pre-
distortion filter, and baseband signal generator are 
implemented using Xilinx Virtex-5 field-programmable 
gate arrays (FPGA). 

 
Fig. 8. Implementation of fractional-N frequency synthesizer 

using pre-distortion technique. 

In the Tx mode, a 13 Mbps baseband signal is used to 
perform a QPSK modulation. Fig. 9 (a) and (b) presents the 
measured constellation points of the 13 Mbps QPSK 
modulation signal without and with pre-distortion 
technique, respectively. Without pre-distortion technique, 
the constellation points of the modulation signal are 
rotationally spreading out due to the considerable 
quantization noise. As the pre-distortion function is turned 
on to cancel the DSM quantization noise, the spreading of 
the 13 Mbps QPSK constellation points are improved and 
concentrated. These results indicate that the proposed pre-
distortion technique improves the peak error vector 
magnitude (EVM) by more than 10 %.  
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In the Rx mode, 2 MHz sinusoidal signals replace the 
baseband signals to generate a CW as a carrier signal. 
Fig. 10(a) and (b) shows the measured output spectra and 
phase noise, respectively. The phase noise at an offset 
frequency of 1 kHz and 1 MHz is lower than -74 dBc/Hz 
and -101 dBc/Hz, respectively. The measurements indicate 
that the proposed pre-distortion technique works very well 
and improves the in-band and out-band phase noise of the 
carrier signal by approximately 6 dB and 10 dB, respec-
tively. It can be found that there is almost no improvement 
at the moderate frequency offset. The main reason is that 
the frequency response of the digital pre-distortion filter is 
not completely identical to the one of the analog frequency 
synthesizer in both magnitude and phase. This non-ideal 
characteristic makes the improvement of the phase noise 
non-uniform over all the frequencies. 

 
(a)

 
(b) 

Fig. 10. Measured (a) spectra and (b) phase noise with and 
without pre-distortion technique. 

Tab. 1 summarizes the performance of the fractional-
N frequency synthesizer using the proposed pre-distortion 
technique. All of the measurements demonstrate that the 
proposed pre-distortion technique works perfectly with 
fractional-N frequency synthesizers. Tab. 2 presents the 
comparison of quantization noise cancellation techniques. 
The proposed pre-distortion technique achieves the higher 
out-band phase noise improvement. The remarkable phase 
noise improvement results in a 10 % EVM improvement 
when the carrier signal is modulated with a 13 Mbps QPSK 

signal. Comparing with the prior arts [6],[9], the proposed 
pre-distortion technique cancels out the DSM quantization 
noise with a much simpler circuitry and a lower operating 
frequency of the DSM. 
 

Operating frequency 2 – 3 GHZ 

Reference frequency 20 MHz 

Frequency resolution 305 Hz 

Locking time < 20 μs 

Loop bandwidth 50 kHz 

Phase noise -74 dBc/Hz @ 1 kHz 
-101 dBc/Hz @ 1 MHz 

EVM 5% (13 Mbps QPSK) 

Tab. 1. Performance summary of the fractional-N frequency 
synthesizer using pre-distortion technique. 

 

 Reference This work [9] [6] 

Cancellation 
technique Pre-distortion Pre-distortion Phase-

interpolation 

Number of 
DACs 0 0 1 

High-capacity 
ROM 0 1 0 

Operating 
frequency of  

DSM 
20 MHz 105 MHz 20 MHz 

Phase noise 
improvement 

10 dB 
@10MHz - 6 dB 

@10MHz 

Modulation 
quality 

improvement 

10 % 
(13 Mbps 
QPSK) 

- 
13 % 

(2.5 Mbps 
GFSK) 

Tab. 2. Comparison of quantization noise cancellation tech-
niques. 

4. Conclusion 
This work develops a novel pre-distortion technique 

for quantization noise cancellation of fractional-N 
frequency synthesizers. The proposed technique simply 
uses the inherent baseband-processing and modulation of 
a wireless system to cancel out the DSM quantization 
noise. It therefore reduces hardware complexity. In the Tx 
mode, the pre-distortion technique improves the EVM of 
a 13 Mbps QPSK signal by more than 10 %. In the Rx 
mode, the pre-distortion technique improves the phase 
noise of the carrier signal by 6 dB and 10 dB at 30 kHz and 
10 MHz offset frequency, respectively. The locking time of 
the fractional-N frequency synthesizer is shorter than 20 μs. 
These remarkable measurements reveal that the proposed 
synthesizer architecture using pre-distortion technique is 
very suitable for advanced wireless systems. 
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