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Abstract—We designed ultra-low-noise regenerative divide-
by-2 circuits that operate at input frequencies of 10, 20, and 
40 MHz. We achieved output-referred single-sideband residual 
phase noise equal to −164 dBc/Hz at 10 Hz offset and esti-
mated residual Allan deviation, σy(τ) less than 3 × 10−15τ−1 
for a single divider, which is, to our knowledge, the lowest 
noise of any divider ever reported at these frequencies. To 
measure such a low noise, we also built a cross-spectrum mea-
surement system that has a noise floor of −175 dBc/Hz at 
10 Hz offset from the carrier frequency. The low noise of the 
divider and the measurement system are achieved by using 
custom-built mixers/phase detectors that use 2N2222A bipolar 
junction transistors (BJTs) in a conventional double-balanced 
diode ring.

I. Introduction

Frequency dividers are important building blocks 
used in a wide variety of microwave and radio-fre-

quency system designs. one form of divider, the regenera-
tive frequency divider, is very useful in low-phase-noise 
frequency synthesis [1]–[4]. These types of dividers can 
achieve lower residual phase noise than other analog and 
digital divider configurations [5]. There are several emerg-
ing technologies that produce ultra-low-phase-noise micro-
wave signals generated either from the optical comb-based 
division of a cavity-stabilized laser [6], or from a cryo-
cooled sapphire microwave oscillator [7], [8]. Frequency 
division by N reduces the signal phase noise by N2. There-
fore, by dividing an ultra-low-noise microwave signal that 
has single-sideband (ssb) phase noise, L( ),f  equal to 
−104 dbc/Hz at 10 GHz [6], a very-low-noise radio-fre-
quency signal can be generated. an ideal division of this 
signal should produce −170 dbc/Hz at 5 mHz. although 
this ideal phase noise level may be below that of the best 
current technology, such ultra-low noise levels could en-
able future applications in precision timing or navigation. 
moreover, it is important to test and understand the ab-
solute limits of optical and electronic frequency division.

In this paper, we describe a regenerative divide-by-2 
circuit operating at input frequencies of 10, 20, and 
40 mHz that has the lowest residual phase noise ever re-

ported. This divider is designed with a custom-built mixer 
[9], and we achieve ssb output-referred phase noise, 
L( )10 Hz  ≤ −164 dbc/Hz.

II. description of the regenerative divider

The basic block diagram of a regenerative divider is 
shown in Fig. 1. It consists of a mixer, amplifier, phase 
shifter, and low-pass filters. a regenerative frequency di-
vider multiplies the input signal (ν0) with the feedback 
signal (ν0/2) from the mixer. This produces sum (3ν0/2) 
and difference (ν0/2) frequencies at the output of the 
mixer. a low-pass filter (lPF) is used after the mixer to 
remove the undesired sum frequency, and the ν0/2 fre-
quency is amplified and fed back into the mixer. a second 
lPF is used after the loop amplifier to remove the thermal 
noise generated by the amplifier at 3ν0/2 [3]. The phase 
noise of the divider is given by [3], [4]

 L L( ) ( ) ,f f NDiv comp/= ∑ 2  (1)

where L( )f comp is the phase noise of the loop components.
our design uses a custom-built mixer. It is a double-

balanced mixer (dbm) with four 2n2222a bipolar junc-
tion transistors in the diode ring [9]. The collector and 
base of each transistor are connected together to form a 
diode ring, as shown in the mixer block of Fig. 1. com-
pared with many commercially available dbms used for 
phase detection at 5 mHz, this design performs among the 
best [10]. The loop amplifier is a commercially available 
low-noise amplifier. The gain, noise figure (nF), and out-
put power at the 1-db compression point of the amplifier 
are 15 db, 4 db, and 20 dbm, respectively. In a regenera-
tive divider, the loop gain is limited by the mixer, the am-
plifier, or both. In our divider design, it is the mixer that 
operates in compression and thus limits the loop gain.

III. Experimental results

To start, we built three prototype regenerative di-
vide-by-2 circuits that operate at an input frequency of 
10 mHz. The output power for these dividers is approxi-
mately +12 dbm. The phase noise of a single divider, the 
device under test (dUT), is measured against two similar 
reference dividers in a cross-spectrum measurement sys-
tem [11], as shown in Fig. 2. In this system, the phase 
noise of the reference dividers, phase detectors (Pd), and 
IF amplifiers are reduced by √m, where m is the number 
of averages in the fast Fourier transform (FFT) analyzer. 
The custom Pds are constructed with the same transis-
tors used in the dividers.
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In a regenerative frequency divider, the dominant 
sources of noise are the loop amplifier and the mixer. The 
noise of the entire feedback chain, comprising the mixer, 
amplifier, and filters, is measured under an open-loop con-
figuration that replicates the closed-loop operating condi-
tions, as shown in Fig. 3. The local oscillator (lo) and 
reference frequency (rF) ports of the mixer are kept at 10 
and 5 mHz, respectively for this measurement. Inside fre-
quency converter blocks 1 and 2, the mixers, filters, and 
amplifiers are arranged in a manner similar to that of the 
dUT’s open-loop feedback circuit, shown in the middle of 
Fig. 3. The noise contribution of two oscillators and fre-
quency converters 1 and 2 cancels out in the cross-spec-
trum measurement system. Trace a of Fig. 4 shows the 
combined component noise. The close-to-carrier flicker-
noise is due to almost equal contributions from the mixer 
and the amplifier. However, the thermal noise is domi-
nated solely by the amplifier, and it agrees to within 1 db 
of what is expected from the input power and nF of the 
amplifier. The feedback loop is then closed and the phase 
noise of the divider is measured. The loop phase delay is 
optimized for the lowest noise [2] and L( )10 Hz  = 
−164 dbc/Hz is achieved for a single divider at 5 mHz as 
shown in Trace b of Fig. 4. This value is almost 6 db 
lower than the components’ noise expected from (1), ex-

cept at offset frequencies lower than 20 Hz. This disagree-
ment is due to thermal fluctuations and vibration distur-
bances of the laboratory environment. Trace c shows the 
noise floor of the measurement system.

similar tests are repeated for 20- and 40-mHz divide-
by-2 circuits. Identical mixers and amplifiers are used, 
only the lPFs are replaced to provide appropriate cut-
off values. The measured phase noise results are given in 
Table I; the performance of each divider is very similar 
and agrees well with the theory.

To get an idea of the divider’s performance in timing 
applications, the estimated residual allan deviation, σy(τ) 
of a single divider is calculated from phase noise. For 1 ms 
< τ < 1 s, σy(τ) is approximately 2.6 × 10−15/τ, 1.2 × 
10−15/τ, and 6 × 10−16/τ for 10-, 20-, and 40-mHz divid-
ers, respectively. a measurement bandwidth of 500 Hz is 
used for the calculation of allan deviation.

Iv. conclusion

We report an ultra-low-noise regenerative frequency di-
vider. The divider is tested at three frequencies—10, 20, 
and 40 mHz—and we achieve ssb output-referred phase- 
noise, L( )10 Hz  ≤ −164 dbc/Hz and σy(τ) less than 3 × 
10−15/τ. To our knowledge, this is the lowest phase noise, 

Fig. 1. block diagram of the regenerative divider: The diode ring in this 
double-balanced mixer is constructed using transistors with the collector 
input connected to the base. ν0 = 10, 20, or 40 mHz.

Fig. 2. Experimental setup for the divider phase noise measurement. IF 
amp = intermediate frequency amplifier; FFT = fast Fourier transform.

Fig. 3. configuration for the mixer and amplifier noise measurement 
under open-loop condition: The phase noise measurement system is the 
same as that shown in Fig. 2.

Fig. 4. single-sideband residual phase noise at 5 mHz: Trace a = com-
bined component noise; Trace b = output-referred noise of a 10-mHz 
divide-by-2 circuit; Trace c = noise floor of the measurement system.
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and corresponding σy(τ), ever reported at these carrier 
frequencies. although these regenerative dividers are ro-
bust, the phase noise close-to-carrier offset frequencies for 
these measurements show correlations to the environment. 
vibration and temperature fluctuations are beginning to 
disturb the prototype setup during the long averaging 
time necessary for cross-correlation measurements. Isola-
tion from environmental effects may lead to slightly im-
proved results close to the carrier.

currently, we are building a divider chain to divide the 
microwave signal from an optical comb divider [6], [12] to 
5 mHz. We expect to achieve L( )10 Hz  of approximately 
−160 dbc/Hz at the final output stage of the chain.
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TablE I. output-referred residual Phase noise  
of divide-by-2 circuits. 

offset  
frequency [Hz]

L( )f  [dbc/Hz] at ν0/2

ν0 = 10 mHz ν0 = 20 mHz ν0 = 40 mHz

10 −164 −164 −165
100 −174 −174 −175
1000 −178 −179 −178
10000 −178 −179 −178
100000 −178 −179 −178


