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Abstract—We present phase-noise measurements in support of 
terahertz electronics.  Using digital phase-noise measurement 
techniques and an even-harmonic mixer, we achieve a phase-noise 
measurement system in waveguide (WR1.5).  At 670 GHz an upper 
bound of this system’s noise floor is found to be -20, -40, and -60 
dBc/Hz at 1, 100, and 10000 Hz offsets, respectively.  In addition, a 
commercial, low-phase-noise, 670 GHz source is measured at 
offset frequencies from 0.1 Hz to 1 MHz. 

I. INTRODUCTION 
Low-phase-noise continuous-wave (CW) signals at 

terahertz frequencies are important in molecular spectroscopy 
[1,2], imaging [3,4], high-bandwidth communications [5], and 
space-based radar [6].  Preserving phase stability is essential 
for these technologies to progress.  Up to now, phase-noise 
estimates at terahertz (THz) frequencies beyond 125 GHz 
[1,7,8] have been extrapolated from geometric scaling of 
lower-frequency measurements due to a lack of available 
instrumentation [9].  The metrology community is motivated 
to develop terahertz phase-noise measurement capabilities in 
order to assure characterization of noise for applications that 
would integrate terahertz components into usable products.  
NIST is developing phase-noise measurement systems that 
support 670 GHz, 850 GHz, and 1.05 THz.  In this document 
we present a phase-noise measurement system with a carrier 
frequency range of 550 GHz to 725 GHz.  We report an upper 
bound on the measurement system noise floor in addition to a 
phase-noise measurement of a commercial, low-noise, 670 
GHz, CW source at offset frequencies from 0.1 Hz to 1 MHz.  
In addition, we describe our plans to characterize the phase-
noise of a WR1.5 harmonic mixer and a 670 GHz amplifier. 

II. MEASUREMENT SYSTEM DESCRIPTION 
A single-channel measurement system diagram is shown 

in Fig. 1.  The terahertz signal to be measured enters an even-
harmonic mixer via WR1.5 waveguide, or optionally via a 
feedhorn.  Aside from the terahertz-band mixer that down-
converts to a convenient intermediate frequency (IF), the local 
oscillator’s (LO) phase-noise sets the measurement noise 
floor.  To serve as our LO reference, we have designed a 2.5 
GHz frequency comb with discrete “teeth” selectable via an 
yttrium iron garnet (YIG) tunable filter up to 50 GHz.  This 
reference strategy provides adequate frequency agility, few 
spurs, and high power-per-harmonic number.  The IF signal is 

then amplified, filtered, frequency-divided, and sampled with 
a digital phase-noise measurement system [13]. 

 

The comb reference uses a 2.5 GHz step-recovery diode 
(SRD) to generate the frequency comb from a low-phase-noise 
2.5 GHz dielectric resonator oscillator (DRO).  The DRO is 
phase-locked to a 100 MHz quartz oscillator, which in turn is 
phase-locked to a 5 MHz quartz oscillator.  Beyond the 
bandwidth of each phase-lock, the controlled oscillator 
maintains a lower phase-time power spectral density, ܵ௫ሺ݂ሻ, 
than the local reference, and vice-versa, within the bandwidth 
of each phase-lock [10].  Recall that ܵ௫ሺ݂ሻ is a frequency-
normalized version of the one-sided power spectral density of 
the phase fluctuations, ܵఝሺ݂ሻ [11]:   ܵ௫ሺ݂ሻ ൌ 1ሺ2ߥߨ௢ሻଶ ܵఝሺ݂ሻ 

Here ߥ௢ represents the carrier frequency.  We achieve the 
benefits of the lowest phase-time power spectral density of 
each oscillator in the chain by phase-locking at strategic 
bandwidths. 

III. PHASE-NOISE MEASUREMENTS 
Our single-channel measurement, designated PNM14, 

yields the combined phase-noise from a 670 GHz source and a 
WR1.5 harmonic mixer at offset frequencies from 0.1 Hz to 1 
MHz.  Later in this section, we demonstrate that the harmonic 
mixer is not contributing to this result.  We choose 27.5 GHz 
as the LO frequency producing a 10 GHz IF beat from the 
24th mixer harmonic and the 670 GHz signal.  After  

Figure 1.  Measurement setup for a 670 GHz source.  ISO: isolator,  
Atten: attenuator, BPF: band-pass filter, DUT: device under test 
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amplification and filtering, we divide the IF frequency by 100.  
The resulting 100 MHz signal is digitally sampled and phase 
compared to the 100 MHz reference, which is phase-coherent 
to the comb synthesis chain below 10 kHz.  By use of digital 
cross-spectrum techniques [12, 13] the noise from sampling 
and digitizing is reduced, resulting in a direct computation of 
the phase-noise.  The result from PNM14 differentiates 
between the reference noise floor and the combined noise of 
the source and harmonic mixer.  Plotted as a dotted line in Fig. 
2 is the phase-noise of the 27.5 GHz LO reference scaled up to 
660 GHz, which constitutes the reference noise floor of the 
measurement system.  The combined noise of the 670 GHz 
source and harmonic mixer is shown as the solid line.   

We are able to tighten the upper bound on the phase-noise 
of the mixer by externally locking the source to the common 
10 MHz signal within our LO comb reference.  This residual 
phase-noise measurement (RPNM14), shown as a dashed line 
in Fig. 2, represents the phase-noise of the harmonic mixer in 
addition to synthesis processes in the source that occur after 
the external phase-lock or beyond the phase-lock bandwidth, 
such as the multiplier chain.  Between 0.1 Hz and 10 Hz, 
RPNM14 is below PNM14 and exhibits a flicker-phase-noise 
process, 1/f slope.  It follows that PNM14 has no contribution 
from the harmonic mixer at offset frequencies below 10 Hz.  
While the source was externally locked, the digital phase-
noise measurement was verified at baseband above 10 Hz 
offsets by use of double-balanced, quadrature mixing at 100 
MHz and a single-sideband phase-gain calibration [14].   

 

Week-to-week variations of PNM14 were at most ±2.0 
dBc/Hz.  These variations were noted at offset frequencies 
below 10 Hz and were likely dominated by environmental 
variations affecting the source.  RPNM14 produced more 

consistent week-to-week results, varying at most by 
±0.5 dBc/Hz.  The noise floor of the digital phase-noise 
measurement system is more than 60 dB below either 
measurement and has not been plotted in Fig. 2. Self-
calibration of the digital phase-noise measurement system 
shows that its 1 σ error is at most ±0.2 dBc/Hz [13]. 

In order to demonstrate that PNM14 had no contribution 
from the harmonic mixer at offsets above 10 Hz, we perform 
the baseband cross-spectrum PM noise measurement shown in 
Fig. 3.  Uncorrelated noise from the two-channels will average 
out of the cross-spectral fast Fourier transform (FFT).  One 
limitation of this strategy is that it requires long averaging 
periods and thermal drift will eventually shift the inputs to the 
phase detector away from the calibrated quadrature setting.  
Because of this limitation, the resulting measurement, accurate 
to ±2 dBc/Hz, was valid only from 10 Hz to 1 MHz offsets.  
The results demonstrated two perfectly correlated channels 
practically identical to the single-channel measurement 
(RPNM14) from 10 Hz to 1 MHz offsets, indicating that our 
harmonic mixer is not contributing to PNM14 over this offset 
frequency range.  In combination with RPNM14, we conclude 
that the harmonic mixer does not contribute to PNM14, so we 
have successfully measured the phase-noise of this 670 GHz 
source from 0.1 Hz to 1 MHz. 

            Figure 2.  Phase-noise measurements at 670 GHz.  

Figure 3.  Baseband cross-spectrum PM measurement for a 670 GHz source. 
          ISOs: isolators
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IV. DISCUSSION 
We note that the LO comb reference is only a few decibels 

below PNM14 for offsets below 1 Hz, as well as between 20 
to 30 Hz, where the comb reference transitions to the 100 
MHz cleanup oscillator.  This is to be expected, because the 
670 GHz source uses technology similar to that inherent in the 
reference.  Nevertheless, the reference appears to be superior 
enough to conclude that, within a few decibels, PNM14 
successfully measured this quality 670 GHz source combined 
with the harmonic mixer for offsets from 0.1 Hz to 1.0 MHz.  
Furthermore, our cross-spectral measurement and RPNM14 
together demonstrate that the harmonic mixer makes no 
contribution to PNM14. 

Between 0.1 Hz and 10 Hz offsets, RPNM14 demonstrates 
a flicker-phase-noise process, 1/f slope, whereas the source 
shows a white-frequency process with slope of 1/f3.  We can 
conjecture that the dip behavior at offsets above 1.0 kHz is 
due to a cleanup phase-lock loop (PLL) process within the 670 
GHz source, indicating that our measurement system has 
better performance than can be verified with this source.   

The next natural step is to measure the residual phase-
noise of the harmonic mixer in order to establish the noise 
floor for future measurements.  We plan to implement the 
measurement shown in Fig. 4.  The most important distinction 
of this scheme is that we are phase-locking our 2.5 GHz comb 
directly to the 670 GHz signal.  We refer to this as locking at 
the top of the source synthesis chain.  The previous 
measurement allowed for a 10 MHz external reference locking 
at the bottom of the synthesis chain.  Processes beyond the 
lock point, such as the frequency multiplier explicitly shown 
in Fig. 4, are free to inject their own noise and drift 
independent of the phase-lock.  These processes proved to 
inject substantially more phase-noise than the harmonic mixer.   

We can achieve the frequency conversion needed to phase-
lock directly to the 670 GHz source by appropriating 
components from our 2.5 GHz comb reference, including the 
2.5 GHz DRO, the 2.5 GHz SRD comb generator, and the 
YIG voltage controlled filter.  The phase comparison occurs at 
500 MHz and is processed with a second-order, type 2 PLL.  
We include equipment to inject a single side-band (SSB) 
modulation and measure the relative SSB power at 500 MHz 
in order to calibrate the PLL gain.  As we increase the 

Figure 4.  Phase-noise measurement of WR1.5 harmonic mixer.  YIG: yttrium iron garnet voltage controlled filter, SRD: step-recovery diode,  
SSB dBc: relative power measurement of the single side-band modulation, DPNM: digital phase-noise measurement 
  

 
Figure 5.  Residual phase-noise measurement of 670 GHz amplifier.  YIG: yttrium iron garnet voltage controlled filter, SRD: step-recovery diode,  
SSB dBc: relative power measurement of the single side-band modulation, DPNM: digital phase-noise measurement, DUT: device under test 
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bandwidth we reduce the phase error between the 670 GHz 
source and the comb.  Eventually we will be left with the 
noisiest component in the loop, which we anticipate to be the 
harmonic mixer. 

Finally, we hope to accomplish residual phase-noise 
measurements in WR1.5 waveguide.  If another terahertz 
source were to come available with significantly less synthesis 
noise, we might be able to implement a residual measurement 
with the schematic similar to Fig. 3 by adding the device-
under-test (DUT) to one of the WR1.5 channels.  This would 
establish a cross-correlated residual phase-noise measurement 
system in WR1.5 waveguide.  Lacking the patience for this 
eventuality, we propose the arrangement shown in Fig. 5.  
Here we have the same phase-locking configuration as 
presented in Fig. 4 but with the addition of a synchronous 
down-converting arm that includes the DUT in either WR1.5 
waveguide or freespace.  Because the arms are synchronous, 
we may obtain a quadrature condition and evaluate the phase-
noise.  It is anticipated that the harmonic mixers will limit the 
noise floor of this residual phase-noise measurement system. 

V. CONCLUSIONS 
We conclude that at 670 GHz our phase-noise 

measurement system achieves a noise floor of at most -10, 
-20, -40, and -60 dBc/Hz at 0.1, 1, 100, and 10000 Hz offsets, 
respectively.  In addition, we have successfully measured a 
670 GHz source in WR1.5 waveguide at offset frequencies 
from 0.1 Hz to 1 MHz.  Our immediate plans include a phase-
noise measurement of a 670 GHz even-harmonic mixer as 
well as a 670 GHz amplifier.  Future work will extend the 
measurement range to higher carrier frequencies. 
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