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Impacts of phase-locked loop bandwidth on millimeter wave three-
dimensional imaging system

Chunhui Fang1,2, Wenmin Yu1,2, Yukun Zhu1, Liang Wu1, Tianyu Pen1,2, and Xiaowei Sun1a)

Abstract Signal-to-noise ratio (SNR) of the millimeter wave (MMW)
three-dimensional (3D) imaging system plays a critical role in the imaging
quality. The impacts of phase-locked loop (PLL) bandwidth on SNR of the
imaging system is demonstrated and the relationship between SNR and
imaging resolution is analyzed in this paper. Analytical and experimental
results show that choosing the optimum PLL loop bandwidth can max-
imize the SNR and greatly improve the performance of MMW imaging
system.
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1. Introduction

MMW imaging systems have been widely used for con-
cealed weapon detection at security checkpoints during the
recent years [1, 2, 3, 4]. Practical application of these
systems needs to be improved [5]. For a better imaging
resolution, a higher frequency and a wider bandwidth of
transmitting signals have been employed in imaging sys-
tem among recent researches [6, 7]. When the operation
frequency of the imaging system is determined, one effec-
tive way to improve imaging resolution is to promote the
noise performance and the SNR of the imaging system.

One dominant noise source in MMW imaging system
is phase noise of frequency source [5]. The common
method to acquire high frequency source with wideband
frequency is PLL frequency synthesis [8]. Therefore, it’s
very important to analyze the impacts of loop bandwidth of
PLL on SNR of the imaging system and optimize the loop
bandwidth for a relatively higher resolution.

This paper proposes an original method to choose
optimum loop bandwidth of PLL for a higher SNR of
imaging system and a better imaging resolution. The re-
mainder of this paper is organized as follows. Section 2
briefly introduces the simplified structure of MMW imag-
ing system. In section 3, the phase noise model of PLL is
built and the impacts of loop bandwidth on SNR of imag-

ing system are also analyzed. Section 4 demonstrates
the impacts of SNR of system on imaging performance.
Finally, conclusion is made in section 5.

2. The structure of MMW imaging system

A typical simplified structure of the commercial MMW
imaging system and the photograph of the transceiver are
shown in Fig. 1. These systems use mechanical scanning to
reduce the cost and complication of making two-dimen-
sional arrays [9, 10]. The imaging system mainly includes
MMW transceiver front-end and signal processing unit.

The detailed schematic diagram of MMW transceiver
front-end is described in Fig. 2.

The radio frequency (RF) source generates wideband
frequency signals (in this case from 28 to 33GHz), which
are emitted to detect the targets by transmitting antenna
array. The signals reflected by the targets are mixed with
local oscillator (LO) signals to get the receiving intermedi-
ate frequency (IF) signals (in this case 800MHz). The IF
reference signals (at 800MHz) are achieved by mixing the
coupled signals from RF and LO frequency source. The in-
phase (I) and quadrature (Q) signals which contain the
amplitude and phase information of scatter signals are
obtained by mixing (by I-Q mixer) the IF received signals
with IF reference signals. The phase and amplitude infor-
mation of scatter signal can be theoretically calculated
as [10].

I þ jQ ¼ Ae�j2kR ð1Þ

Fig. 1. The simplified structure of MMW imaging system.
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Where A is the amplitude of the scattered signal, R is the
range of the target and k is wavenumber. Then the obtained
I and Q signals are digitized by highspeed analog to digital
converter (ADC), and finally the image-reconstruction
algorithm is applied to rebuild the MMW images.

The imaging resolution is mainly dependent on the
frequency and bandwidth of the transmitting signals
[4, 10]. Once the frequency is selected, an effective method
to raise resolution is to increase SNR of the system. In most
cases, the RF and LO signals of imaging system are
obtained by multiplying the signals from low frequency
source, which causes much degeneration of phase noise.
Therefore, the phase noise introduced by MMW frequency
source is one of the main noise sources of imaging system.
The commonly used frequency source is PLL frequency
synthesizer due to its good performance of phase noise and
spurious suppression. The loop bandwidth is one of the
most important parameters of PLL, which determines the
performance of PLL in a large degree. Therefore, it’s very
meaningful to research the relation between the loop band-
width of PLL and the performance of imaging system.

3. PLL phase noise model and the impacts of loop
bandwidth on imaging system SNR

3.1 Modeling of charge pump PLL phase noise
Each component in the charge pump PLL loop contributes
to its phase noise of PLL [11]. The simplified linear model
of phase noise is shown in Fig. 3. It contains a charge
pump phase frequency detector (PFD&CP) with gain of
Kpfd , a loop filter (LF) with transfer function of FðsÞ, a
voltage controlled oscillator (VCO) with gain of Kvco, and a
frequency divider (1/N) with dividing ratio of N.

The phase noise sources are presented in this model,
where �ref ;n, �vco;n and �div;n represent the phase noise
sources of the reference, the VCO and the frequency
divider, respectively. Similarly, the current noise of charge
pump is denoted by icp;n and the voltage noise of loop filter
is denoted by vlf ;n.

As shown in Fig. 3 the open loop transfer function can
be expressed as

HoðsÞ ¼ Kpfd � FðsÞ � Kvco

s
ð2Þ

The transfer function from various noise sources to the
output can refer [12]. The total phase noise of PLL can be
obtained by summing the output noise power from these

noise sources under the assumption that these noise sources
are uncorrelated. Using the transfer functions from refer-
ence [12] and sided band power spectral density (PSD)
of these phase noise sources, total phase noise can be
expressed as [13]

�2
out;nðsÞ ¼ �2

out;ref ðsÞ þ �2
out;cpðsÞ þ �2

out;lf ðsÞ
þ �2

out;vcoðsÞ þ �2
out;divðsÞ

¼ G2
LðsÞ � N2 � S�REF þ N2

K2
pfd

� S�CP þ N2 � S�DIV
 !

þ ½1 � GLðsÞ�2 � K2
vco

s2
� S�LF þ S�VCO

� �
ð3Þ

Where GLðsÞ ¼
Kpfd �FðsÞ�Kvco

N�s
1þKpfd �FðsÞ�Kvco

N�s
¼ HoðsÞ

NþHoðsÞ. In equation (3), S�REF ,

S�CP, S
�
DIV , S

�
LF , S

�
VCO and denote the PSD of the reference,

the charge pump PFD, the divider, the LF, and the VCO,

respectively. The typical contributions of each component

to the PLL phase noise is shown in Fig. 4.

3.2 Analyzing of the impacts of loop bandwidth on
SNR of MMW imaging system

In section 3.1, the contributions of each component to PLL
phase noise are discussed. On the other hand, the selection
of loop bandwidth also greatly has an effect on the phase
noise performance of PLL frequency source and the SNR
of MMW imaging system [14]. Especially, when the circuit
topology of PLL frequency source is given, it’s useful to
optimize the loop bandwidth to obtain a high SNR of
MMW imaging system.

Fig. 2. The schematic diagram of MMW transceiver front-end. Fig. 3. The linear phase noise model of PLL.

Fig. 4. The contributions of each component to PLL phase noise.
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Although we can improve the SNR of imaging system
by averaging a number of measurement results in the
calibration process, it’s difficult to raise the SNR of me-
chanical scanning system due to its relatively long measure
time. In general cases, the main noise source of imaging
system is MMW frequency source due to its high multi-
plication factors [5]. Therefore, we firstly analyze the
impacts of loop bandwidth on the PLL phase noise and
the SNR of MMW frequency source and then derive the
SNR of the imaging system with different loop bandwidths.

For practical analysis, an MMW frequency source with
changeable loop bandwidth is designed and implemented.
As shown in Fig. 5, the MMW frequency source is realized
by multiplying the low frequency of PLL frequency syn-
thesizer. The main components of PLL include the com-
mercial PLL synthesizer chip ADF4106 [15], the VCO
chip DCYS250500-5 [16], the active loop filter and the
external crystal oscillator TCXO5300Z-10MHz-A-V [17].
The main PLL parameters are as follows:
• Reference frequency: fref ¼ 10MHz;
• Frequency divide ratio: N ¼ 400;
• PLL output Frequency: fp ¼ 4GHz;
• Loop bandwidth: Bn ¼ 10�250 kHz;

It can be seen from Fig. 4 that the phase noise is
mainly dependent on reference when offset frequency is
lower than loop bandwidth. Meanwhile, outside the loop
bandwidth, the noise contribution of VCO is dominated.
It also can be derived from Eq. (3) that the phase noise of
reference is degenerated by 20 log10 N (in this case N ¼
400 and the degeneration is 52 dB). In Fig. 6, the phase
noise of the reference, the VCO and the PLL is described.
The reference has low phase noise of −135 dBc/
Hz@1kHz and −150@10 kHz, which will have 52 dB
degeneration after passing through the PLL loop. The free
running VCO phase noise profile shows two different
regions, which are separated by 1/f corner frequency.
Below the corner frequency, it is 1/f noise region which
has a slope of −30 dB/dec. When the offset frequency
higher than the 1/f corner frequency, it comes into thermal
noise region with a slope of −20 dB/dec [18]. The SNR of
the MMW frequency source is inversely proportional to the
integrated phase noise of PLL frequency synthesizer which
equates to the area under the PLL phase noise profile.

As seen in Fig. 6, there is a crossover frequency at
which the phase noise of degraded reference equates to the
phase noise of VCO. It can be predicted that when the loop

bandwidth is selected at this crossover frequency, the
integrated phase noise of PLL would be minimized and
the SNR of the MMW frequency source would be maxi-
mized.

The different loop bandwidths can be realized by
changing the resistors and the capacitors of the loop filter.
To guarantee the stability of loop, the phase margin is fixed
at 46°. Taking the practical application of PLL in MMW
imaging system into account, the maximal loop bandwidth
of 250 kHz is selected in this experiment. In Fig. 7, the
simulation and measurement results of phase noise per-
formance at 4GHz with different loop bandwidths are
presented.

The MMW frequency source is achieved by multi-
plying the output signals of PLL frequency synthesizer.
The measured phase noise of output signals of MMW
frequency source at 32GHz with different loop bandwidths
is presented in Fig. 8.

The noise power of MMW frequency source at
32GHz is achieved by integrating over the IF bandwidth
of 10MHz. Therefore, the SNR of MMW frequency
source (SNRM) can be written as

SNRM ¼ PoZ
BI

SPN ðfÞ
ð4Þ

Where BI is the IF bandwidth, SPN ðfÞ is the measured
phase noise of MMW frequency source at 32GHz and Po

Fig. 5. The diagram and the photography of MMW frequency source.

Fig. 6. The phase noise of the reference and the VCO.

(c) BW=150kHz

(b) BW=100kHz(a) BW=50kHz

(d) BW=200kHz

Fig. 7. The simulation and measurement results of phase noise at
4GHz.
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is the signal power. To simplify the calculation process,
we can assume that when the frequency interval is small
enough, the change of phase noise between two offset
frequencies is linear. Therefore, the SNR can be calculated
by numerical calculation with MATLB using plenty of
measurement data. Fig. 9 shows the calculated results of
MMW frequency source SNR with different loop band-
widths. It can be seen that the loop bandwidth has a
significant impact on the SNR of MMW frequency source
and when the loop bandwidth approximately equals to the
crossover frequency (100 kHz), the maximal SNR can be
obtained.

According to [5], the SNR of the imaging system can be
obtained by link budget. Since the thermal noise within the
IF bandwidth and quantization noise of the ADC are much
lower than the phase noise of signal source, we can ignore
these noises in following discussion. As shown in the
Fig. 10, the path loss (AFS � GA), the receiving gain (GRX )
and the IF gain (GIF ) have the same effects on the signal and
the phase noise. Therefore, the SNR of reference LO
(coupled from transmitting signal with SNRTX ) and the
receiving RF signal (SNRRX ) are equal. The IF signal is
achieved by mixing the reference LO and the receiving RF
signal. Since the phase noise of LO and RF signal is
uncorrelated, the SNR of IF signal (SNRIF ) will have 3 dB
(NFMIX ) deterioration. The SNR of imaging system (SNRS)

is approximately identical to the SNR of IF signal, which
also equals to the SNR of MMW frequency source with
3 dB degeneration. In Fig. 10, where LTX , LRX , LIF are the
power of transmitting signal, receiving signal and IF signal,
respectively. LPNTX , LPNRX , LPNIF are phase noise of trans-
mitting signal, receiving signal and IF signal, respectively.

Fig. 11 presents the SNR of imaging system with
different loop bandwidths. The similar conclusion can be
drawn that the optimum loop bandwidth of PLL for high
SNR of imaging system is around the crossover frequency
at which the phase noise of degenerated reference and free
running VCO is identical.

4. The impacts of imaging system SNR on imaging
performance

In order to analyze the impacts of system SNR on imaging
performance, the imaging algorithm is applied to recon-
struct the image. For simplifying the question, the single-
frequency holographic image reconstruction is discussed.
In Fig. 12, the holographic imaging system configuration
is shown [19]. The MMW frequency source is posited
at ðx0; y0; z0Þ. Assuming that the reflection coefficient
of the target at the position (x; y; z ¼ 0) is gðx; y; zÞ. The
echo signal received by the receiver can be expressed as
[9, 10, 20, 21]

fðx0; y0; kÞ ¼
ZZ

gðx; y; zÞ

� exp �� 2jk
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � x0Þ2 þ ðy � y0Þ2 þ z20

p �
dxdy

ð5Þ

Fig. 8. The measured phase noise of MMW frequency source at
32GHz.

Fig. 9. The SNR of MMW frequency source with different bandwidths.

Fig. 10. The diagram of MMW imaging system link budget.

Fig. 11. The SNR of imaging system with different bandwidths.
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Where k ¼ 2�f
c is the spatial wavenumber, in this case k is a

constant. Then using the transformation relationship be-
tween the sphere wave and the plane wave and the Fourier-
transform relation, the image reconstruction algorithm is
expressed as

gðx; yÞ ¼ FT�1
2�D½FT2�D½fðx; yÞ� � expð�jz0kzÞ� ð6Þ

Where kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4k2 � k2x þ k2y

p
and kx, ky, kz are the projec-

tions of the spatial wave vector on the three coordinate
axes, respectively. FT2�D and FT�1

2�D are Fourier-transform
and inverse Fourier-transform, respectively.

According to Eq. (5) and Eq. (6), we carry out the
numerical simulation with MATLAB to validate the im-
pacts of system SNR on imaging performance. In this
simulation, the echo signal data can be generated using
following equation with MATLAB codes [22]

fðx0; y0; kÞ ¼
XX

gðx; y; zÞ � expð2jkrÞ
r2

�x�y ð7Þ

Where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � x0Þ2 þ ðy � y0Þ2 þ z20

p
is the distance from

the ideal point target to scan aperture.
We assume that the distance r is 0.5m and the emission

frequency of MMW sources is 32GHz. Meanwhile, the
distance between two antenna elements is 5mm and the size
of the scanning aperture is 50 cm (horizontal direction) �
50 cm (vertical direction). After the target echo signal is
generated by equation (7) with MATLAB, the complex
white Gaussian noise is added to the original signal and
the imaging system SNR is respectively set to the values
which are obtained by the link budget in section 3.2.

The point spread function (PSF) simulation results of
monostatic imaging with different SNR are presented in
Fig. 13(a) to (d). It can be seen the higher SNR of imaging
system, the lower average noise power and the better
imaging performance. Therefore, choosing an optimum
loop bandwidth for PLL frequency source is important to
improve the system SNR and imaging quality.

The relationship between the loop bandwidth of
MMW frequency source with the imaging system SNR
and imaging performance is summarized in Table I.

5. Conclusion

The impacts of loop bandwidth of PLL frequency source
on the imaging quality have been obtained by practical
measurement and numerical simulation in this paper. Sim-
ulation and experimental results demonstrate that the max-
imal SNR of imaging system and the highest imaging
performance can be achieved by optimizing the loop band-
width. The optimum loop bandwidth is approximately at
the crossover frequency where the phase noise of degen-
erated reference and the free running VCO are identical.
Meanwhile, when we chose the loop bandwidth of PLL
frequency source, we should also make a tradeoff between
the SNR, the locked time and other parameters for opti-
mum performance in imaging system. This crossover fre-
quency is a good starting point to select the loop bandwidth
for PLL frequency source in MMW imaging system.
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Fig. 12. The holographic imaging system configuration.

(d) SNR=0.8dB(c) SNR=10.17dB

(b) SNR=12.05dB(a) SNR=15.92dB

Fig. 13. The PSF simulation results of monostatic imaging.

Table I. The summarized relation between the loop bandwidth with
imaging system.

Bn (kHz) SNRM (dB) SNRS (dB) Noise (dBc)

10 3.80 0.80 −20.33

25 8.48 5.48 −24.23

50 13.17 10.17 −29.64

75 14.88 11.88 −31.43

90 17.21 14.21 −33.62

100 18.92 15.92 −35.44

125 17.69 14.69 −34.05

150 17.12 14.12 −33.63

175 15.61 12.61 −31.86

200 15.05 12.05 −31.33

250 13.71 10.71 −30.07
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