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Abstract: We use a Fabry-Perot cavity to optically filter the output of a

Ti:sapphire frequency comb to integer multiples of the original 1 GHz mode

spacing. This effectively increases the pulse repetition rate, which is useful

for several applications. In the case of low-noise microwave signal genera-

tion, such filtering leads to improved linearity of the high-speed photodiodes

that detect the mode-locked laser pulse train. The result is significantly

improved signal-to-noise ratio at the 10 GHz harmonic with the potential

for a shot-noise limited single sideband phase noise floor near -168 dBc/Hz.
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1. Introduction

A self-referenced femtosecond laser frequency combs that is stabilized to a high finesse optical

cavity can be a source of microwave signals possessing very low phase noise [1, 2]. In such

an approach, the femtosecond laser frequency comb functions as an optical-to-microwave fre-

quency divider that transfers the low phase noise properties of a narrow linewidth continuous

wave (CW) laser to the repetition rate, frep, of the femtosecond laser. Photodetection of this

optical pulse train results in a corresponding train of current pulses, which in turn provides a

comb of microwave frequencies at frep and its harmonics. Selection of any specific harmonic

(e.g. at 10 GHz) is readily accomplished with a microwave filter. One advantage of this phase-

coherent frequency division is the anticipated improvement to the microwave phase noise by

−20log(N), where N ∼ 50,000 is the division factor in going from the optical (500 THz) to

the microwave (10 GHz) domain. In the division of an optical frequency to a 10 GHz carrier,

we demonstrated residual single side-band phase noise of L( f ) = −110 dBc/Hz at f = 1 Hz,

reaching the shot-noise limited noise floor of L( f ) = −158 dBc/Hz for f > 100 kHz [2]. Close

to the microwave carrier this performance is approximately 40dB better than is achieved with

traditional high quality microwave sources. The optical frequency divider concept has signif-

icant advantages over electronic methods it terms of low phase noise and low timing jitter,

but the method has not yet achieved its full potential, in part due to the limitations of pho-

todetectors addressed in this paper. We note that low-noise X-band (and higher frequency) mi-

crowave signals are of practical interest because they are well matched to available electronics

with applications in radar[3], telecommunications, advanced clocks[4], high-speed sampling,

and microwave photonics systems[5]. In the time domain, the low phase-noise achievable with

the system demonstrated here gives timing resolution and timing jitter at the sub-femtosecond

level[2]. In addition to low phase-noise and precise timing the microwave comb produced upon
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photodetection could prove useful in microwave synthesis and in time domain generation of

well controlled picosecond electrical signals.

However, challenges associated with the detection of high peak power, sub-picosecond opti-

cal pulses pose limitations to this approach. In earlier works we have identified beam pointing

and amplitude fluctuations on the light as sources of excess phase noise[6, 7]. Here we focus

on the degradation of the electrical signal-to-noise ratio due to saturation and pulse distor-

tion effects in the photodiodes. Generally speaking, saturation behavior in P-I-N photodiodes

degrades the temporal response of the resulting electrical pulses, such that they no longer ef-

ficiently generate a uniform microwave comb of frequencies. For example, we observe that

increasing optical power does not result in an increase in the microwave power of the 10 GHz

harmonic of the detected pulse train. This problem is exacerbated by the fact that the average

photocurrent continues to increase with optical power, resulting in an increase in the photode-

tected shot-noise power which sets the noise floor for the microwave signals. Thus, one is in the

unfortunate position of having the signal-to-noise ratio decrease with increasing light power on

the photodetector.

High speed photodiodes capable of handling relatively large photocurrents are important for

many applications and their saturation behavior has been studied previously [8, 9, 10, 11, 12].

Mechanisms responsible for saturation include space-charge fields and limited output voltage.

In our case, the repetition rate, pulse duration and pulse energy of the laser are not well matched

to the photodiode temporal response and the desired microwave frequency. From the time do-

main perspective, the use of a low rate (1 GHz) pulse train to drive a high rate (10 GHz)

microwave signal unnecessarily increases the peak optical power and hastens the onset of sat-

uration. To overcome this problem, we optically filter the frequency comb using a Fabry-Perot

cavity with free-spectral-range (FSR) that is matched to a harmonic, N, of the 1 GHz source

laser. Results shown here are for filter cavites having FSRs of 2, 5 and 10 GHz. In the frequency

domain, the light transmitted through the filter cavity has a factor of N fewer optical modes.

This corresponds to a time-domain multiplication of the pulse repetition rate by the same factor

and a corresponding reduction in the average power and pulse energy by factors of N and N2,

respectively. While the filtering process is inefficient, in that most of the incoming laser power

is reflected back towards the source and never reaches the photodiode, we find that this ap-

proach leads to reduced saturation effects in the detected higher repetition rate pulse train, and

permits significantly larger (+10 to +15 dB) microwave signals to be generated for the same

average photocurrent. As the average photocurrent determines the fundamental detector shot

noise power, this approach provides a net win in terms of signal-to-noise ratio.

The work reported here is similar in some respects to previous experiments in which pulse

trains were used to reduce saturation effects in optical-to-electrical conversion in the THz

regime[13, 14]. In the previous work optical pulse shaping was used to convert individual ul-

trashort pulses into bursts of evenly spaced pulses with reduced peak power, which were used

to gate photoconductive antennas for generation of pulsed THz radiation. The power spectral

density at selected THz frequencies was increased by up to 7.5 times compared to the saturated

value under single pulse excitation. Compared to the current experiments, one difference is that

in [13, 14] the pulse shaper was operated at low spectral resolution, leading to low duty cycle,

isolated pulse bursts and continuous THz spectra. In contrast, the cavity filtering reported here

operates at high spectral resolution on individual spectral lines, leading to 100% duty cycle

waveforms and discrete RF spectra.

We also note that an alternative approach to cavity filtering could employ a pulse shaper for

modulating the optical power spectrum on a coarse frequency scale coupled with a dispersive

frequency-to-time converter. This approach has been used successfully for ultrawideband RF

arbitrary waveform generation [15, 16, 17]. It should be possible to program such an RF wave-
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Fig. 1. Experimental setup. A 1 GHz, octave-spanning femtosecond Ti:sapphire laser is

spectrally filtered with a Fabry-Perot cavity. Light reflected off the cavity is used to lock

the Fabry-Perot on resonance with the laser frequency comb. The filter cavity output is

detected with a P-I-N photodiode, and a bias-T is used to separate the direct and alternating

currents.

form generator such that each individual ultrashort pulse is shaped and stretched into a 1 ns

duration burst that is intensity modulated sinusoidally at the desired 10 GHz rate. The com-

bined response from a 1 GHz input pulse train would correspond to a 100% duty cycle optical

waveform with 10 GHz intensity modulation, while retaining a significantly higher fraction of

the input optical power compared to the 10 GHz cavity filter. However, the pulse shaper might

introduce some additional phase noise and timing jitter.

2. Cavity filtering

A schematic of the experimental setup is shown in Fig. 2. We employ a broad bandwidth fem-

tosecond Ti:sapphire laser that operates at a repetition rate of 1 GHz [18]. The optical spectrum

from the laser spans an octave, as shown in Fig. 2(a), thus permitting detection of the carrier-

envelope-offset frequency fceo as required for stabilization of the underlying optical frequency

comb. The associated frequency comb and laser repetition rate can be stabilized to light from a

narrow-linewidth CW laser as required for low noise microwave generation[1, 2, 18]. A portion

of the laser spectrum covering about 800-1000 nm is split from the total laser output using a

dichroic beamsplitter. The spectral envelope is first shaped by multiple bounces off two flat

dielectric mirrors centered at 910 nm (R=99%). Then, the beam is spatially mode-matched to

a Fabry-Perot cavity constructed from a pair of the same 910 nm mirrors, both having radii of

curvature of 50 cm.

The length of the Fabry-Perot cavity can be easily changed over many centimeters such that

the FSR is varied from 2 to 20 GHz. Once a specific harmonic is chosen, the length of the

Fabry-Perot is locked to the input frequency comb using a PZT-mounted mirror and the stan-

dard dither and demodulation technique. Typical input and output spectral envelopes for the

filter cavity set at 10 GHz are shown in Fig. 2(b). The coupling ratio Pout/Pin demonstrates that

∼ 125 nm of spectral bandwidth is filtered with efficiency near 50%, which is in reasonably

good agreement with the estimate given below. The output spectrum does not change signifi-

cantly with Fabry-Perot FSR, although optimal spatial mode-matching requires adjustment of

the input beam parameters. The light transmitted through the cavity is then focused onto a high-

speed InGaAs P-I-N photodiode (Discovery 40s [20]), having responsivity of ∼ 0.3 A/W in this

spectral region. The duration of the transmitted optical pulses was measured with a nonlinear

autocorrelator and found to be less that 1 ps, which is significantly less than the photodiode

response time of ∼ 40 ps. The photodiode is reverse biased with 6 V from a battery and the

output current is coupled through a high bandwidth bias-T as indicated in Fig. 2. This provides
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a convenient means for measuring the average photocurrent in the voltage drop across the inter-

nal 50 Ohm resistor, while the high frequency components of the photocurrent are capacitively

coupled and available for analysis with a microwave spectrum analyzer and a 50 GHz band-

width sampling oscilloscope. While the results presented here are specific to the InGaAs P-I-N

photodiode, we have carried out similar experiments with GaAs P-I-N and InGaAs Schottky

photodiodes and found the general trends to be similar.

The parameters of the filter cavity were selected based primarily on two design criteria:

(1) the cavity bandwidth should be large in order to transmit as much of the input spectrum

(and power) as possible; and (2) the intensities of the output pulses after repetition rate mul-

tiplication should be sufficiently uniform in order to maximize the microwave power at the

desired harmonic–10 GHz in this case. With respect to the first criterion, the cavity bandwidth

is limited by dispersion, which causes the frequencies of the cavity transmission resonances to

deviate from those of the perfect frequency comb we wish to transmit. Assuming that the cavity

is exactly resonant with the comb around some reference frequency ν0, the deviation δν of the

cavity resonance from the corresponding comb frequency at frequency ν is given by

|δν | = Ψ(ν)c

2πL
, (1)

where L is the spacing of the two mirror cavity and Ψ(ν) is the spectral phase associated with

the cavity dispersion (i.e., quadratic and higher-order spectral phase). A simple criterion for

estimating the cavity bandwidth is setting the maximum permissible value of δν equal to the

half-width (at half-maximum) of the transmission resonance. This gives

|δν | = c

2LF
, (2)

where F = π/(1−R) is the finesse of a lossless cavity with power reflectivity R, assumed equal

for each of the two cavity mirrors. Putting these results together shows that the filter passband

is given by the spectral region for which

|Ψ(ν)| ≤ 1−R. (3)

Accordingly, we optimize the cavity bandwith by minimizing its dispersion and by using rela-

tively low mirror reflectivities (constrained however by the second criterion). For an air-filled

cavity, the dispersion is dominated by the mirrors. We have performed simulations investigating

transmission bandwidth vs. mirror reflectivity for a quarter-wave dielectric stack mirror design,

which appears to be a favorable choice. R=99% mirrors gave the best results for our cavity

design, and should provide an estimated transmission bandwidth of ∼ 150 nm in the 900 nm

region. Higher reflectivity sacrifices bandwidth due to the narrowing of the cavity linewidth,

while lower reflectivity (achieved by fewer coating layers) simply results in a narrowing of

the cavity reflectivity bandwidth. Detailed experimental characterization of the optical comb

filtering performance using this 99% mirror cavity design is reported in [19].

With respect to the second criterion, one can show that the relative power of the individual

pulses in the repetition-rate-multiplied output train from the filter cavity are given by

In = (1−R)2|
∞

∑
m=0

Rn+mk|2 =
R2n(1−R)2

(1−Rk)2
(4)

where k is the repetition rate multiplication factor, and In is the relative power of the (n + 1)th

pulse within one period of the original (input) pulse train, where n takes on values 0,1...k−1.
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Fig. 2. (a) Full spectrum of the 1 GHz octave-spanning Ti:sapphire, measured at point A

of Fig. 1. (b) Optical spectrum at frep = 1 GHz input to the optical filter cavity (red),

measured at point B of Fig. 1. Optical spectrum at frep = 10 GHz output from the filter

cavity (black). Coupling ratio, defined as Pout/Pin (blue dashed).

Here In is normalized to the power of the input pulse, and a lossless, symmetric, precisely reso-

nant two mirror cavity is assumed. The RF spectral amplitude Vk frep
at the multiplied repetition

rate is proportional to

Vk frep
∼ 1

k

k−1

∑
n=0

In =
1

k

1−R2k

1−R2
I0 (5)

If we assume that the saturation of the photodiode is determined by the power of the strongest

pulse in the train (I0), then the quantity Vk frep
/I0 serves as a natural metric for the penalty in

RF generation due to nonuniformity in the repetition rate multiplied output (compared to an

ideal equal power pulse train). The corresponding penalty in terms of RF power spectrum is

expressed as

−20log10

[(

1

k

)(

1−R2k

1−R2

)]

(6)

For repetition rate multiplication from 1 to 10 GHz (k = 10) and mirror reflectivity R=99%, the

power penalty is only 0.77 dB. This justifies the use of relatively low (99%) reflectivity mirrors,

given the large cavity bandwidth (and proportionally large output power) these mirrors provide.

3. Photodiode saturation

The saturation behavior of the InGaAs photodiode is illustrated in the complimentary time and

frequency domain data of Fig. 3. For these data, the unfiltered 1 GHz pulse train was focused

onto the photodiode. The average optical power was changed in discrete steps with a set of neu-

tral density filters, and the microwave pulse train was analyzed with the high-speed sampling

scope and the microwave spectrum analyzer. The time domain response of the photodiode to

the short optical pulses is shown in Fig. 3(a). For average optical powers above a few milliwatts

(average photocurrents < 1 mA), the electrical pulse begins to broaden significantly from the

low power width of ∼ 40 ps up to nearly 140 ps. This pulse broadening as a function of optical

power is summarized in Fig. 3(b). The corresponding frequency-domain response is shown in

Fig. 3(c)-(d). A microwave spectrum taken with 69.4 mW (19 mA average current) is shown in
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Fig. 3. (a) Electrical waveforms recorded with a 50 GHz sampling oscilloscope for different

average optical powers of a 1 GHz pulse train. (b) Variation in measured pulse width as

a function of average optical power. (c) Microwave spectrum of 1 GHz pulse train for

average optical power of 69.4 mW. (d) Microwave power in harmonics of 1 GHz pulse

train illustrating saturation of higher frequency harmonics.

Fig. 3(c), illustrating the strong roll-off for frequency components greater than a few gigahertz.

Of particular interest, Fig. 3(d) shows that above ∼ 10 mW of average power, there is no fur-

ther increase in the 10 GHz microwave harmonic. Qualitatively speaking, this pulse distortion

is similar to our earlier measurements [7] and is consistent with an excess of photocarriers that

cannot be rapidly extracted, thereby leading to decreased bandwidth of the photodiode at high

powers [10]. We note that we observe no evidence of saturation in the average photocurrent,

which remains linearly proportional to the optical power over the full range of powers explored

here.

4. Improved 10 GHz signal-to-noise with cavity filtering

The effects of the pulse distortion and microwave power saturation seen in Fig. 3 are reduced

by the introduction of the Fabry-Perot filter cavity. Here we focus on the achievable power in

the 10 GHz harmonic for filter cavity FSR’s of 2, 5 and 10 GHz. For each filter cavity FSR, the

microwave spectrum of the photocurrent is recorded for a range of optical powers. The results

are summarized in Fig. 4, where the power in the 10 GHz harmonic is plotted as a function of

average photocurrent for the three filter cavity FSRs, in addition to the un-filtered 1 GHz pulse

train. In the linear regime, the 10 GHz power is proportional to the square of the photocurrent.

This linear response is observed in all cases of filtering for average photocurrents < 1 mA.
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Fig. 4. Power in 10 GHz microwave harmonic as a function of average photocurrent (and

optical power) for 1 GHz pulse train, and for the same pulse train after filtering with 2, 5

and 10 GHz Fabry-Perot cavities. The inset shows the full microwave spectrum for the case

of the 5 GHz filter cavity with ∼ 23 mW incident on the photodiode.

However, as already noted in Fig. 3, with illumination by the 1 GHz pulse train, saturation of

the 10 GHz harmonic is observed above average photocurrents of ∼ 2 mA. Filtering to 2 GHz

improves the level of linearity by approximately a corresponding factor of 2. For filter cavities

of 5 and 10 GHz, the linear regime of 10 GHz generation extends to still higher average pho-

tocurrents; however, for these cases there is not sufficient light power available after the filter

cavity to clearly drive the photodiode into saturation. The highest 10 GHz power is achieved

with the 5 GHz FSR filter cavity where nearly 30 mW of optical power is available to provide

8.7 mA of average photocurrent and power in the 10 GHz harmonic of +1 dBm, as measured by

the microwave spectrum analyzer (corrected for system losses). We note that the AC photocur-

rent is divided between the 50 Ohm termination of the photodiode and the 50 Ohm input of the

spectrum analyzer. With a single 50 Ohm termination, the voltage at 10 GHz might be doubled,

resulting in a potential 6 dB increase in the usable 10 GHz microwave power. To further in-

crease the available 10 GHz power it would be possible to use the reflected power off the front

of the filter cavity[21]. This light could be filtered in a second cavity that is tuned to an adjacent

set of 5 or 10 GHz optical modes. The filtered light would illuminate a second photodiode and

the resulting photocurrent could be summed with that of the first detector. The process could be

repeated with additional power gain per filter stage.

For the purpose of low noise microwave generation, the > 10 dB increase in 10 GHz signal

realized by filtering the output of the 1 GHz frequency comb is significant. While signal size

is important, often the more relevant parameter is the achievable signal-to-noise ratio of the

10 GHz signal. Close to the carrier, the noise of a frequency-stabilized mode-locked laser is

typically dominated by unsuppressed frequency fluctuations arising from pump laser noise and

acoustic noise [1, 2, 6]. However, beyond a few hundred kilohertz, the technical noise falls be-

low that of fundamental noise processes, such as shot noise and thermal (Johnson) noise [2]. If

the photodetected current is above a few milliamperes in a 50 Ohm systems, then the shot noise

is dominant. The required dynamic range poses a challenge in measuring the far-from-carrier

shot noise floor. Similar to an earlier measurment [22], we suppress the 10 GHz carrier using
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Fig. 5. The grey shaded region illustrates the maximum scatter of three separate measure-

ments of the noise floor > 400 MHz from the 10 GHz carrier. The black line is the calcu-

lated shot-noise floor, assuming it depends on the average photocurrent.

a tunable microwave bandpass filter (∼ 100 MHz bandwidth) centered at 9.5 GHz. The noise

floor in the vicinity of 9.5 GHz is then amplified with a low noise microwave amplifier and the

noise density is measured using the noise marker function of a microwave spectrum analyzer.

The accuracy of the microwave spectrum analyzer was verified with a calibrated thermal noise

source. Additionally, the voltage gain of the microwave amplifier and the loss of the tunable fil-

ter and coaxial cables were measured and accounted for. The grey shaded area of Fig. 5 shows

the total range (scatter) of three different measurements. The agreement among the measure-

ments at the level of 10-20% (< 1 dB) is reasonable given the nanovolt magnitude of the voltage

noise and the uncertainties in calibration of the loss/gain in the components employed

These measured values are compared with the calculated photodetector shot noise floor. For

simplicity, we assume that the shot noise voltage in a 1 Hz bandwidth is determined by the

average photocurrent and the terminating resistor: Vsn = R
√

2eiavg, where R = 50 Ohm, e is

the electron charge, and iavg is the average photocurrent. As pointed out below, because we are

dealing with a time varying signal, there may be limitations to this assumption. Nonetheless, for

the maximum achieved photocurrent of iavg = 8.7 mA obtained with the 5 GHz FSR filter cavity,

we calculate Vsn = 2.6nV/
√

Hz. As noted above, the AC current generated at the photodiode

is divided between the internal 50 Ohm load and that of the microwave spectrum analyzer (or

amplifier in this case). Thus, the measured shot noise floor at high frequencies corresponds to

half the average current. When this factor of
√

2 is accounted for in the calculated shot noise,

we obtain Vsn = 1.8nV/
√

Hz. The full set of calculated values is given by the black solid line in

Fig. 5, which is found to be in good agreement with the measured noise. The measurement also

roughly follows the same
√

iavg dependence of the calculation. This indicates that the measured

noise is not simply excess amplitude noise, which would exhibit a linear relationship between

average current and voltage noise. The measured shot noise voltage at 8.7 mA corresponds to a

shot noise power of Psn =V 2
sn/R =−161dBm/Hz. Considering the power in only one quadrature

reduces this noise power to -164 dBm/Hz. When combined with the 10 GHz signal of +1dBm,

this implies that the cavity filtering approach demonstrated here could provide stable microwave

signals with a fundamental phase noise floor power -165 dB below the carrier, or equivalently

L f = Sφ −3dB = −168 dBc/Hz.
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5. Discussion and conclusion

In this paper, we have demonstrated that appropriate optical filtering of a femtosecond laser

frequency comb can lead to improved temporal response in photodetection of the associated

optical pulse train. This subsequently leads to an enhancement of the signal-to-noise ratio of

desired microwave harmonics near 10 GHz. This approach should be beneficial in the photonic

generation of low phase noise microwave signals with stabilized femtosecond frequency

combs. It is of further interest to consider the limitations of this approach to the generation of

10 GHz microwave signals with low phase noise floor. If the photodiode remains in the linear

regime, one would expect the 10 GHz signal power to continue to increase as the square of the

photocurrent, while the power of the shot-noise floor increases linearly with photocurrent. This

implies that the shot-noise limited signal-to-noise ratio also increases linearly with photocur-

rent. Further gains beyond those demonstrated here would require still greater laser power as

well as photodiodes that fulfill the requirement of high-speed (10 GHz) linearity at currents

above 10 mA. A relevant consideration in this discussion is the fact that the simple shot noise

expression used here may have limitations when applied to time-varying signals—such as

those obtained from the detection of an optical pulse train [23, 24]. Additionally, sub shot-noise

behavior of vacuum diodes[25] and photodiodes[26] has been observed, and attributed in some

cases, to space-charge effects and mechanisms that result in correlation of the photoelectrons.

While the noise measurements presented here are consistent with the time-independent shot

noise model, the precision is not sufficient to rule out more complicated–and interesting–noise

phenomena.
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