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A Frequency Agility Synthesizer with Low Phase Noise for Fully
Electronic Millimeter Wave Imaging

Chunhui Fang'> 2, Bing Huang'’ 2, Liang Wu!, and Xiaowei Sun'> *

Abstract—A wide Ka-band frequency agility synthesizer with low phase noise and high frequency
stability is presented in this paper, which serves as the emission source of transmitter and the local
oscillator (LO) of receiver in fully electronic millimeter wave (MMW) imaging system. In order to
improve operating frequency and shorten hopping time, a novel method is proposed in this synthesizer.
By mixing direct digital synthesis (DDS) with multiple phase locked loops (PLLs) and multiplying the
mixed signal, a high output frequency with low phase noise and rapid frequency hopping is realized.
The experimental results show that the frequency synthesizer achieves frequency resolution of 1 MHz
from 27 to 32 GHz and phase noise of —95dBc/Hz at 10 kHz carrier offset. In addition, the frequency
switching time is 2 ps, and broadband spurs do not exceed —60 dBc.

1. INTRODUCTION

At present, MMW imaging system for personal screening application is in strong demand [1,2]. The
quality and speed of imaging rely much on the performance of frequency synthesizer [3]. For instance,
cross-range resolution is approximately proportional to the wavelength of transmitting signal, while
range resolution is nearly inversely proportional to the bandwidth of transmitting signal. Furthermore,
imaging time is partly related to frequency switching time, and imaging range depends on output power
to some extent. Additionally, one dominant noise source in MMW imaging system is phase noise of
frequency source [4]. The lower the phase noise of frequency source is, the lower the average noise
power is, and the better the imaging performance is. In order to realize a real-time MMW imaging
system with relatively long imaging distance, fine imaging resolution, and wide dynamic range, a wide
frequency agility synthesizer with low phase and high spurs suppression is indispensable.

The approaches to realize MMW frequency synthesis mainly include utilizing traditional PLL [5],
DDS driving PLL [6], and combining DDS with multiplier chain [7]. Using conventional PLL can
acquire high frequency signal with wide frequency rage, but relatively long switching time and coarse
resolution limit its application. On the contrary, DDS has the advantages of fine resolution, extremely
fast frequency hopping, and low phase noise, while its comparatively narrow bandwidth, low output
frequency, and poor spurious suppression are undesired [8,9]. Therefore, it is difficult to obtain
simultaneously wide bandwidth, low phase noise, fine resolution, and fast frequency hopping by single
frequency synthesis method.

In this paper, an original hybrid frequency synthesizer is proposed by incorporating the superiority
of DDS, PLL, and direct analog synthesis such as up-conversion and multiplier chain, which operates
from 27 to 32 GHz with step of 1 MHz and possesses great performance in phase noise and frequency
hopping time. Moreover, the broadband spurious suppression is better than —60 dBc.
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This paper is organized as follows. In Section 2, the architecture of this frequency synthesizer is
presented. The implementations of critical components of the synthesizer are demonstrated in Section 3,
while the measurement results are given in Section 4. Finally, the conclusions follow.

2. DESIGN OF KA-BAND FREQUENCY SYNTHESIZER

The simplified diagram of radio frequency (RF) front end for one imaging array in fully electronic
imaging system is presented in Fig. 1. It integrates 20 channels for transmitting and 20 channels for
receiving. Each of two S-band signal sources is divided to 20 paths, and the signal frequency in each
path is multiplied by 8 to obtain Ka-band frequency sources. The difference between transmitting signal
and receiving signal is intermediate frequency (IF) signal [7]. Because of the identical architecture of
every channel, the following discussion takes one transmitting channel as an example to demonstrate
the design and implementation of Ka-band frequency synthesizer.
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Figure 1. The Ka-band signal source for fully electronic MMW imaging.

In order to meet the requirements of fully electronic MMW imaging system, a novel frequency
synthesis method is presented in Fig. 2. The Ka-band frequency synthesizer primarily consists of an
S-band agile frequency synthesizer and a frequency multiplier (x8). The S-band frequency synthesizer
is achieved by filtering and amplifying the RF signals, which are obtained by mixing IF signals from
DDS with different LO signals from four PLLs, respectively. Switching between different LO signals
is realized by two single-pole double-throw (SPDT) switches (SPDT1 and SPDT2). Moreover, the
external oven-controlled crystal oscillator (OCXO) provides reference signals for all PLLs, and the
changeable reference signal of DDS is created by PLL0O. Finally, the Ka-band frequency source with
broad bandwidth is achieved by multiplying the output signal from S-band frequency synthesizer.

In Fig. 2, the final output frequency of the frequency synthesizer can be written as

fo= Mz x (Fn + M1 X fpps) (1)
where M; is the multiplication factor of DDS; Ms is the final multiplication factor of Ka-band frequency
synthesizer; Fy(F1, Fy, F3 or Fy) is the output signal of PLL (PLL1, PLL2, PLL3 or PLL4). Similarly,
the resolution of the frequency synthesizer can be expressed as

fres = M; x My x fDDSres (2)

where fppg,.. is the resolution of DDS. In this proposed architecture M is 2, and My is 8. The detailed
frequencies of LO signals, IF signals, and mixed output signals are summarized in Table 1.
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Table 1. The detail frequency of LO signals, IF signals and mixed output signals.

LO (MHz) | IF (MHz) RF (MHz)
Fi=3135 | 240-396.375 | f1 (3375-3531.375)
F3=13291.5 | 240-396.375 | f3 (3531.5-3687.875)
Fo= 3448 | 240-396.375 | f2 (3688-3844.375)
Fy= 3604.5 | 240-396.375 | f1 (3844.5-4000.875)

3. ANALYSIS AND IMPLEMENTATION OF KA-BAND FREQUENCY

SYNTHESIZER

3.1. Analysis of Frequency Hopping Time

229

In a conventional hybrid synthesizer, the switching-time is limited by the long locking time of PLL. In
this architecture, as shown in Table 2, all PLLs (PLLO to PLL4) are locked when the circuit is initialized
(state0). In frequency-sweeping mode, once PLL1 is mixed with signal from DDS, the outputs of PLL2
and PLL4 are disabled, but they are locked by muting the VCO output buffers, while the output of
PLL3 is enabled and ready to be mixed with signal from DDS (statel). When signal mixing for PLL1
and DDS is finished, the SPDT3 switches to Mixer2, and SPDT2 switches to PLL3, ensuring signal
mixing for PLL3 and DDS. Meanwhile, the output of PLL1 and PLL4 is disabled, and PLL2 is enabled
and prepares for mixing (state2). The operating principles for PLL2 and PLL4 are shown in state3 and
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Figure 2. Simplified block diagram of Ka-band frequency synthesizer for one channel of transmitter.

Table 2. The detail operation states of four PLLs under different frequency range in frequency-sweeping

mode.
states | frequency range (MHz) | PLL1 PLL2 PLL3 PLL4
State0 Initialization locked locked locked locked
Statel f1 enabled | disabled | enabled | disabled
State2 f3 disabled | enabled | enabled | disabled
State3 fo disabled | enabled | disabled | enabled
Stated fa enabled | disabled | disabled | enabled
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stated4, and Table 2 shows the detailed operating states of PLLs in one period. The operating state of
the frequency synthesizer is switched orderly among the five states, and the process is circulated. Not
only can this method avoid long locking time of PLL, but also the interference between different LO
signals and power consumption are both reduced, compared to the case that four LO signals are enabled
simultaneously. In this case, the frequency hopping time is completely determined by the switching time
of DDS and switches as well as the response time of filters, of which the sum approximately reaches
nanosecond level. Therefore, the frequency synthesizer can achieve frequency agility.

3.2. Analysis of Phase Noise

The elements related to mixing are primarily composed of four PLLs generating LO signals, a DDS
generating IF signals, three SPDT switches, and two mixers. Taking the limitation of low output
frequency for DDS into account, this synthesizer employs four LO signals to expand frequency
bandwidth. In order to eliminate the time of waiting PLLs to lock when the operating state is switched
between different frequency ranges and avoids interference between different LO signals, this method
employs four PLLs rather than two PLLs to generate four LO signals. Additionally, four PLLs are
divided into two sections to avoid the overlap between LO signal from leakage and mixed signal at
output. Each LO signal is produced by a fractional-N PLL with integrated VCO and superior noise
floor. The IF signal is created by multiplying the output signal from DDS.

Since the phase noise of DDS is low enough, the noise performance of PLL is dominated. The
phase noise model of PLL is shown in Fig. 3. It includes a phase frequency detector (PFD&CP) with
gain of Kg4, a loop filter (LPF) with transfer function of F(s), a voltage-controlled oscillator (VCO)
with transfer function of £¥C€0 and a divider (1/N) with divider ratio of N. The sources of phase noise
of PLL are from the reference signal (¢rgr), charge pump (pcp), N divider (¢n), and VCO (vvco).
Assuming that ¢rpr, op, on and pyco are uncorrelated, the output phase noise ,(f) from each
noise source can be evaluated respectively [10].
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Figure 3. The phase noise model of PLL.
The closed loop transfer function can be written as [11]
K
Hs) H,(s) KaF(s)—= 5
S) = =
1 K
L HIGE) g L (g Ko
where H,(s) is the open loop transfer function, and G(s) is the reverse loop gain.
The output phase noise contributed by ¢rrpr and ¢y is given by
K
KqF(s)——
Yo.rEF&N = H(s) - (prEF + ¢N) = (PREF + ¥N) - i . (4)

KUCO
14+ =K, F(s)—
+N d (8) s
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The output phase noise contributed by ¢cp is represented as

vco
H(s) pcpF (S)T
PoOP = Tp= " POP = i Ko (5)
1+ —KyF
+ N (s) 3
The output phase noise contributed by ¢y co can be formulated as
H(s VCO
Po,vCO = HL(S)) “pveo = T d 174 (6)
o 1+ NKdF(S) vco

Therefore, the phase noise of PLL can be approximately written as the sum of output phase noises from
the reference signal, N divider, charge pump, and VCO. Therefore, the output signal is

Yo = Po,REF&N T Po,cP + Yo, vCO

KUCO K’UCO
KqF(s)— F(s)— 1
= (PREF + ¥N) - 1 . tecr: T . teveco- I )re
1+ =Ky F(s)—/= 1+ —=KyF(s)—/= 1+ —=K4F e
+ Kal'(s)— + Kal'(s)— + Kal'(s)
N
= (prEF +9N) - N-CL(s) +¢cp - o CrL(s) +yvco - [1 = CL(s)] (7)
_ _mKaF(s)fe
where CL(S) = m =N H(S)
The final output phase noise of PLL can be expressed as
cp(f
coll) = |erer(n) +on(r) + EED L N2 0L + pveolh) - 1 -CoIF @®)

d

where prer(f), on(f), pcr(f) and pyco(f) are the phase noises from the reference signal, N divider,
charge pump, and VCO, respectively. In order to achieve good performance of near-end phase noise, the
reference signal with low phase noise and high phase comparison frequency are essential. The far-end
phase noise of PLL is mainly dependent on VCO. Additionally, the optimum loop bandwidth is critical
to phase noise of PLL.

The phase noise within loop bandwidth of LO signal can be estimated as [12].

PN(f) = PNig. + 10log(fpsa) + 201log(n) 9)

where PNy, is 1Hz normalized phase noise of phase detector, and f,rq4 is the phase comparison
frequency while n is the dividing ratio. Referring to [13], when the output frequency is 3605 MHz
with loop bandwidth of 250 kHz and phase detecting frequency of 50 MHz, the closed loop fractional
phase noise is —110dBc/Hz. In the worst case, when LO signal switches to the highest frequency of
3604.5 MHz with loop bandwidth of 200 kHz and phase detect frequency of 100 MHz, the phase noise
can be estimated by Equation (9) and could be calculated as

PN (3604.5 MHz) ~ PN (3605 MHz) + 201og <%> —3dB = 113dBc¢/Hz@10kHz (10)

The simulation result of phase noise by Advance Design System is presented in Fig. 4. According to
this figure, the reference phase noise is low-pass filtered, and the VCO phase noise is high-pass filtered,
which is in accord with Equation (8). Therefore, in order to make a tradeoff between noise suppression
of reference signal and VCO, the loop bandwidth of every PLL (PLL1 to PLL4) is optimized to about
200 kHz to obtain the best phase noise performance, which is approximately the frequency of crossover
of VCO phase noise and N-multiplied reference phase noise curves [14].

The frequency of IF signals produced by DDS [15] is lower than forty percent of reference signal
frequency. The deterioration of phase noise because of multiplication can be estimated as 20log N,
where N is multiplication times. In this case, since NV is less than one, the phase noise of IF signals is
at least 8 dB better than reference signal. In the worst case, when the reference frequency reaches the
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Figure 4. The simulation result of phase noise at 3604.5 MHz.

peak of 1200 MHz, and the output frequency of DDS is 198.1875 MHz which is then be multiplied to
396.375 MHz, the phase noise of DDS can be predicted by Equation (9) and [16].

100
396.375
1200

Assume that the LO signal is not related to IF signal. The phase noise of up-conversion signal is always
near the worse one of LO and IF which can be expressed as [17]

Lo(fm) =10 x log [10756 + 105

1200
PN(1200MHz) = —227 + 10log (10%) + 20log ( ) = —125.4dB¢/Hz@10kHz  (11)

PN (396.375 MHz) = PN (1200 MHz) + 20log ( > = —135dBc/Hz@10 kHz (12)

(13)

where Lo, Ly, and Lo are the phase noise spectral density of output signal, input signal, and LO signal,
respectively. In this module, the phase noise of up-conversion signal is dependent largely on LO signal.
After frequency multiplication of eight times, the phase noise of final Ka-band output signal would be
degenerated by 20 log 8, so the eventual phase noise is about —96 dBc/Hz@10 kHz.

3.3. Analysis of Spurs

Compared to PLL, the spurs of DDS are much more. Therefore, it is critical to reduce spurs of DDS. The
simplified block diagram of DDS is shown in Fig. 5. DDS mainly includes a phase accumulator, a phase
to amplitude converter (ROM), a digital-to-analog converter (DAC), and a low-pass filter (LPF). The
major spurs in DDS are from the truncation error of the phase accumulator and amplitude quantization
error of DAC [18].

The output frequency of DDS is
FTW

[= Q—Nfclk (14)
where FTW is the frequency tuning word, and NV is the length of phase accumulator, while f. is the
sampling clock. The spurs introduced by phase accumulator truncation can be written as [19]

etk
fspur = ON—K (15)

where K is the number of bits for generation of the sine wave. The method to lower spurs is to increase
the bit width of FTW and phase accumulator. In comparison to phase truncation spurs, DAC images
may cause higher spurs to the output of DDS. In the worst case, when the images of DAC harmonics
fold back, they are near the fundamental frequency. The DAC images occur at

fing:A‘fclk+B‘fout (16)
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Figure 5. Simplified block diagram of DDS.

where A and B are the integer multiplication number of the sampling clock and output frequency of DDS,
respectively. It is an achievable approach to reduce DAC related spurs by changing the combination of
fer and FTW to obtain the same output frequency of DDS.

Once DDS chip is selected, one effective way to reduce spurs is to change the reference frequency. For
a certain output signal of DDS, various reference frequencies can be used to acquire different frequency
tuning words that make phase truncation error much lower.

3.4. Realization of Filter Array

In order to filter the LO leakage signals and the useless signals caused by mixing, the band-pass filter
array is added behind the mixer. The filter array contains four dielectric filters with low insertion loss
and high out-of-band rejection.

3.5. Design of Frequency Multiplier (x8)

The S-band up-conversion signal from mixer can be converted to Ka-band by frequency multiplier
(x8). The simplified block diagram of frequency multiplier (x8) is presented in Fig. 6, which mainly
includes three frequency doublers, three band-pass filters, and two attenuators. The filters are used to
suppress the fundamental and third harmonic for frequency doublers. The attenuators are added to
offer appropriate input power for next multiplier.

RFin
e Il e A «/)(/» <2 A «/f/» <2

ATT1 ATT2

\ 4

A 4

% RFout

Figure 6. Simplified block diagram of frequency multiplier (x8).

4. EXPERIMENTAL RESULTS AND ANALYSIS

4.1. The Experimental Results and Analysis of S-Band Frequency Synthesizer

Figure 7(a) gives the generation circuit of IF signals, which is designed to choose the most suitable
reference frequency and output frequency band with the lowest spurs for DDS. Fig. 7(b) shows the
PCB test board and shielding cavity of the S-band frequency synthesizer. In order to prevent the
disturbances, four LO signals are separated by shielding wall. The supply voltages of S-band frequency
synthesizer are +6 V and 412V, and the power consumption is about 10 W, which is lower than the case
that four PLLs are all enabled (12 W). To minimize the digital processing time, the control instructions
for all PLLs, DDS, SPDT switches and a single-pole four-throw (SP4T) switch are generated by Field
Programmable Gate Array (FPGA).

The output frequency spectrum of DDS from 120 MHz to 200 MHz with 2 MHz step under 1.2 GHz
reference clock is shown in Fig. 8(a), which is measured by Agilent E4447A spectrum analyzer. Fig. 8(b)
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Figure 8. (a) The output spectrum of DDS from 120 ~ 200MHz. (b) The wideband spurious
suppression of DDS.

shows that the wideband spurious suppression is better than —75dBc from 120 MHz to 200 MHz, and
the suppression is better than —80dBc from 120 MHz to 170 MHz.

Figures 9(a), (b), and (c) show the typical frequency spectrum of S-band frequency synthesizer
with spans of 500kHz, 100 MHz, and 1 GHz, respectively, and Fig. 9(d) indicates the performance of
measured spurious suppression for the S-band frequency synthesizer.

Figure 10(a) shows the phase noise of the synthesizer at output frequency of 3775 MHz. In
Fig. 10(b), the measured phase noise is lower than —113dBc/Hz from 3375 to 4000 MHz at frequency
offset of 10kHz and is close to the result of theoretical calculation by Equation (13).

As shown in Fig. 11(a), the output power of S-band frequency synthesizer is 22dBm + 1dB. With
offset of insertion loss from power splitter (14dB) as well as coaxial cables and connectors (2dB),
the power delivered to the frequency multiplier (x8) is approximately 6 dBm, and it is appropriate
input power for the first stage of frequency multiplier (x8). The measured switching time is from the
reception of hopping instruction to the completion of frequency hopping for the synthesizer. It includes
the switching time between two LO signals, the hopping time of IF signals, and the response time of
filters. As shown in Fig. 11(b), the switching time from 3531.375 MHz to 3531.5 MHz is about 2 ps,
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Figure 9. (a) The frequency spectrum of S-band frequency synthesizer (span =
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500kHz). (b) The

frequency spectrum of S-band frequency synthesizer (span = 100 MHz). (c) The frequency spectrum
of S-band frequency synthesizer (span = 1GHz). (d) The measured spurious suppression of S-band
frequency synthesizer.

Table 3. Comparison with recently published results.

Reference [5] [20] [21] [22] [23] This work
Synthesis Conventional DDS Driven DDS Driven DDS Driven Mixing DDS Mixing DDS
Method PLL PLL PLL PLL with PLL with PLL
Frequency 12.5-13.5 11.75-12.25 0.003-5 6-18 12.6-13.45 27-32
Range (GHz)
Phase Noise —89 @1 kHz —104 @10 kHz —80 @1 kHz —93 @10 kHz —85 @10 kHz —95 @10 kHz
(dBc/Hz)
Honni
o?plng N/A 5 pus 30 us 6 pus N/A 2 pus
Time
N
arrowband —50 —50 —55 —50 N/A —50
Spurious (dBc)
Broadband
N/A N/A —65 N/A —69 —60
Spurious (dBc) / / /
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Figure 10. (a) The measured phase noise at 3.775 GHz. (b) The measured and calculated phase noise
of S-band frequency synthesizer.
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Figure 11. (a) The output power of S-band frequency synthesizer. (b) Switching time for 3531.375 MHz
to 3531.5 MHz frequency transition.

which is measured by Agilent DSO90604A digital storage oscilloscope. It is the worst case for frequency
hopping because LO signal is changed. In most cases, since LO signal is fixed, the switching time is
less than 2 pus. Furthermore, the frequency multiplier (x8) spends so little time that the total time of
hopping Ka-band synthesizer is about 2 us.

4.2. The Experimental Results of Frequency Multiplier (x8)

Figure 12(a) shows the implemented module of frequency multiplier (x8). As shown in Fig. 12(b), the
frequency multiplier (x8) presents a flat conversion gain of 5.5dB + 1.5dB from 27 GHz to 32 GHz,
when input signals with amplitude of 6 dBm are generated by Agilent analog signal generator E8257D.
The measured output power of final Ka-band frequency synthesizer for one channel is 10dBm £ 1.5 dB,
which is also shown in Fig. 12(b).
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4.3. The Experimental Results and Analysis of Ka-Band Frequency Synthesizer

The Ka-band frequency synthesizer is realized by connecting the S-band frequency synthesizer, power
splitter with the frequency multiplier (x8). As shown in Figs. 13(a), (b), and (c), the output spectrum
and spurious suppression of Ka-band frequency synthesizer are presented respectively. It can be seen
that the narrowband spur levels do not exceed —50 dBc, and wideband spurs are less than —60 dBc.
Figures 14(a) and (b) indicate that the phase noise of this Ka-band frequency synthesizer is lower
than —90 dBc/Hz and —95 dBc/Hz at carrier offset of 1 kHz and 10 kHz respectively from 27 to 32 GHz.
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Figure 14. (a) The measured phase noise at 29 GHz. (b) The measured phase noise at carrier offset
of 1kHz and 10kHz for Ka-band frequency synthesizer.

Table 3 summarizes the comparison of the proposed hybrid frequency synthesizer with recently
reported results. Compared to the proposed hybrid frequency synthesizers, this synthesizer realizes lower
phase noise and faster frequency hopping at higher output frequency and wider bandwidth. Meanwhile,
the spurs are also low.

5. CONCLUSION

A wide Ka-band frequency agility synthesizer with high performance is presented in this paper, which
combines the virtues of PLL, DDS, and direct analog synthesis. The experimental results demonstrate
that the phase noise is better than —95dBc/Hz from 27 to 32 GHz at a frequency offset of 10 kHz,
and the narrowband spurs and broadband spurs are lower than —50dBc and —60dBc, respectively.
Furthermore, benefitted from fast speed of DDS, the frequency hopping time is 2 us, and the frequency
resolution is 1 MHz. This Ka-band frequency synthesizer can be effectively applied to fully electronic
MMW imaging system.
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