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A novel method is proposed for improving the 
performance of traditional laser heterodyne radiometry. 
The technique, which is based on the use of a wavelength 
modulated local oscillator laser, provides baseline-free 
spectra, lower limits of detection and better precision 
and consistency than the conventional approach. This 
tool could, therefore, boost the accuracy of current 
terrestrial and planetary atmospheric studies. 
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Laser heterodyne radiometry (LHR) is a well-proven spectral 
analysis technique that enables exceptionally sensitive optical 
measurements with ultrahigh spectral resolution [1–5]. Indeed, 
LHR has paved the way for accurate terrestrial and planetary 
atmospheric studies operating on both ground-based  [6–10] and 
spaceborne  [11] observing infrastructures. This spectral detection 
method, first demonstrated in the mid-seventies  [12,13], is based 
on heterodyning the incoming optical spectrum with a local 
oscillator (LO) laser, thus downconverting the optical signal to the 
radio-frequency (RF) domain. Whereas the subsequent 
amplification and band-pass filtering of the RF signal (the power of 
which is eventually detected with a Schottky diode) sets the 
spectral resolution of the instrument, spectral information is 
straightforwardly retrieved by sweeping the LO over the 
wavelength range of interest. Traditionally, in order to boost the 
sensitivity of LHR instruments, the incoming optical signal is 
modulated by a chopper unit  [1,9], demodulating then the output 
of the Schottky diode by a lock-in amplifier that is phase-locked to 
the chopper frequency. Conversely, in this Letter, we analyzed the 
opportunities offered by the use of a wavelength-modulated LO in 
an LHR system.  

Wavelength modulated laser sources are nowadays the 
standard approach to active laser-based gas analysis. Wavelength 
modulation spectroscopy (WMS)  [14,15], which is undoubtedly 

the method of choice for active optical absorption-based gas 
detection, provides, in fact, much higher sensitivities that direct 
laser absorption spectroscopy  [16]. WMS is founded on the 
sinusoidal frequency modulation (in addition to the line-sweeping) 
of the bias current of the laser; the presence of absorption lines 
within the wavelength range of the system generates in the 
detector different harmonics of the modulation signal with an 
amplitude that can be directly related to the concentration of gas 
(these harmonics are detected by lock-in amplifiers for maximum 
noise removal). Even though its sensitivity is far higher than that of 
direct absorption spectroscopy, WMS has as a major drawback the 
need for calibration. This issue has, nonetheless, been overcome by 
the development of calibration-free WMS techniques, with several 
approaches proposed  [17–20]. We could argue that the one that 
has had the greatest impact is the use of the 1f (first harmonic of 
the modulation frequency) signal to normalize the 2f amplitude for 
changes in the level of optical power reaching the detector  [21–
23]. The end result of this procedure is a measurement method 
that provides calibration-free operation and an improvement in 
sensitivity of several orders of magnitude over non-modulation 
methods.  

As previously introduced, the aim of this Letter is to present the 
benefits that a wavelength-modulated LO brings to LHR. The 
discussion will be structured in different points, as are the 
comparison between the complexities of the traditional and the 
new architecture, the spectral waveforms, the existence of 
baselines and the experimental signal-to-noise ratio (SNR) and 
precision.  

The block diagrams of a traditional and a wavelength-
modulated (WM) LHR are shown in Fig. 1 (a) and Fig. 1 (b) 
respectively. In the traditional scheme, the light entering the 
system is first modulated and then combined with the LO laser. 
Both signals are heterodyned on the photodetector resulting on 
the direct downshifting of the input optical signal to the RF 
domain. Next, a set of amplifiers and filters control the RF gain and 
spectral resolution of the instrument and the resulting power is 
measured by a square law detector. Finally, the output of the RF 
power detector is demodulated by a lock-in amplifier. Similarly, 
the architecture of the WM-LHR instrument, shown in Fig. 1 (b), is 
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practically identical to that of the traditional scheme. The only 
difference in implementation is that, as the modulation signal is 
now applied to the laser, the chopper is no longer required. 
Likewise, in WM-LHR the lock-in amplifier is to be configured to 
detect also the higher-frequency harmonics of the modulation 
signal.      

 
 

(a)        
 

(b)  

Fig. 1. Block diagrams of (a) a traditional LHR system and (b) a WM-
LHR instrument. SG, Signal generator; MOD, Optical chopper; RG, 
Ramp generator; LO, Local oscillator laser; PD, Photodetector; AMP, RF 
Amplifier; BPF, Band-pass filter; SD, Schottky detector; LIA, Lock-in 
amplifier. 

The close similarities between the two architectures enable to 
easily compare the performance of both approaches. Thus, a 
hybrid system equipping both a chopper and a connection for the 
intensity modulation of the bias current of the laser was 
implemented; only one of the modulation systems was employed 
at a time (according to the desired operation mode). The 
consistent, well-controlled calibration output of an AQ6370C 
optical spectrum analyzer (Yokogawa Electric Corp., Japan) was 
used as light source for the analysis presented in this manuscript 
(with a power of 250 nW/nm in the range of interest). For the 
implementation of the setup, a 1542 nm discrete mode laser 
(Eblana Photonics Ltd., Ireland) was utilized as local oscillator and 
the modulation of the incoming light was performed using a 
Lithium Niobate electro-optical intensity modulator (LN56S-FC, 
Thorlabs Inc., U.S.A.) driven at its half-wave voltage. The optical 
signals are heterodyned on a battery-powered 150MHz InGaAs 
photodetector (PDA10CF, Thorlabs Inc., USA), the output of which 
is amplified by three battery-powered ZFL-500LN (Mini-Circuits 
Inc., U.S.A.) cascading amplifiers and band-pass filtered between 
40 MHz and 150 MHz. This results in a spectral resolution of 300 
MHz (0.01 cm-1). The power of the RF signal is then measured by a 
Schottky detector (EZR0120A3, Eclipse Microwave Inc., U.S.A.) that 
is finally connected to an HF2LI lock-in amplifier (Zurich 
Instruments Ltd., Switzerland). The effective integration time of 
the lock-in amplifier was adjusted to 1 s.  

Fig. 2 and Fig. 3 present a comparison of the traditional LHR and 
the 1f, 2f and 3f WM-LHR experimental signals for the P-27 
transition of C2H2 at 1542.25 nm (6484.033 cm-1). The 
characteristic profile of the LHR spectrum, Fig. 2, shows a spectral 
feature with a base 10 absorbance of approximately 0.019 that 

includes the typical baseline presented by the technique. In this 
measurement, the weak absorption of acetylene at 1542.37 nm 
(6483.529 cm-1) is barely visible, with an amplitude that is close to 
the noise level of the LHR system. On the contrary, both absorption 
lines are clearly visible in the 1f WM-LHR spectrum (Fig. 2 (a)). As 
expected, the obtained waveform resembles that of the classical 
first harmonic of the WMS method. The two spectral lines are also 
apparent in Fig. 3 (b), which shows the amplitude of the second 
harmonic 2f of the WM-LHR signal as a function of wavelength. It is 
worthwhile noting that the 2f WM-LHR signal is baseline-free, 
which noticeably simplifies concentration retrieval and increases 
sensitivity. In the same way, the 3f WM-LHR spectrum, Fig. 3 (c), 
allows seeing the two molecular transitions without any baseline. 

          
 

 
Fig. 2. Traditional LHR output spectrum. 

 
 

(a)  
 

(b)  
 

(c)  

Fig. 3. (a) 1f, (b) 2f, and (c) 3f harmonics of the laser modulation 
signal in WM-LHR.  



To enable a quantitative comparison between the performances 
of the two different methods, the SNR has been calculated for each 
of the four measurements previously presented using as a 
reference the stronger spectral line. In the case of the LHR system, 
the SNR was obtained as the ratio between the depth of the dip 
and the standard deviation of the baseline (once fitted) away from 
the absorption line. Thus, SNRs with an average value of 18.5 are 
obtained for the classical LHR setup. The SNR of the 1f WM-LHR 
signal was calculated as the peak-to-valley voltage over, again, the 
noise in the baseline away from the spectral feature. In the case of 
the 2f and 3 f WM-LHR harmonics, the SNRs are calculated by 
dividing the peak voltage by the standard deviation of the noise 
floor. Average SNRs of 247, 57 and 34 were obtained for the 1f, 2f 
and 3f WM-LHR measurements respectively, leading to a 
significant improvement in the sensitivity of the instrument.  

The influence of the wavelength modulation amplitude of the 
laser on the WM-LHR signal was also characterized and the results 
are shown in Fig. 4. Starting at very low modulation amplitudes, 
the 2f signal grows as the modulation index increases. Then, the 
peak 2f value reaches its maximum level before beginning very 
mildly to fall. The modulation amplitude that maximizes the 2f 
peak amplitude, found to be 36 pm, was experimentally 
established in roughly 2 times the full wide at half maximum of the 
spectral line, which is in very close agreement with the optimum 
modulation index that can be found in the literature for WMS. All 
the WM-LHR measurements shown in the manuscript were taken 
at this optimum modulation amplitude. It should be emphasized 
that even though the operation at modulation indexes higher than 
the optimum slightly lessen the 2f peak value, its effect in practice 
is a significant widening of the spectral features that diminishes the 
spectral resolution of the radiometer. 

 
 

 
Fig. 4. 2f WM-LHR peak voltage as a function of the modulation 

index. 

 
 

  
Fig. 5. Baselines of the first (1f) and second (2f) harmonics of WM-

LHR when the optical signal is disconnected from the input of the 
system. 

In terms of baseline, the LHR technique has an inherent baseline 
that depends on the total amount of optical power on both the LO 
and the input signal. Even though this reference enables 
calibration-free operation, it limits the sensitivity. In the same way, 
residual amplitude modulation in the laser makes the baseline of 
the 1f WM-LHR signal to depend on the incoming optical signal 
power. By contrast, as referenced above, the 2f and 3f harmonics 
very conveniently have no baselines. This discussion is graphically 
illustrated in Fig. 5, where the baselines for the first and second 
harmonics of the WM-LHR measurement are shown. 

As in the case of WMS, the major drawback of WM-LHR is that 
the amplitudes of the harmonics do not only depend on the 
strength of the line but also, between other factors, on the total 
amount of optical power that reaches the instrument. Thus, system 
calibration to a well-characterized input signal is required for an 
accurate estimation of the concentration of gas in the atmospheric 
column. An illustration of this behavior is shown in Fig. 6, in which 
the peak amplitude of the 2f WM-LHR spectrum is plotted at 
different power levels.  

 
 

 
Fig. 6. Normalized 2f WM-LHR peak value for increasing levels of 

optical power. 

As presented in the introduction, several developments have, 
nevertheless, addressed this disadvantage on WMS, enabling 
calibration-free operation. One of the most important steps in the 
process was realizing that the 1f signal can be employed to 
normalize the amplitude of the higher harmonics for variations in 
the input intensity [22,23]. The WM-LHR system presented in this 
Letter has also demonstrated this feature. An additional 
experiment was carried out in which the level of optical power 
delivered to the instrument was controlled by a fiber-
connectorized optical attenuator. Thus, whereas the 1f and 2f 
harmonic signals were simultaneously measured by the lock-in 
amplifier, the level of input power was varied by two orders of 
magnitude. Fig. 7 shows the ratio of the 2f signal peak divided by 
the baseline-compensated 1f offset value at the location of the 2f 
peak calculated from the previous set of measurements. As can be 
clearly seen, the 2f/1f ratio is independent of the level of optical 
power at the input of the system; indeed the dispersion of the 
values of the 2f/1f ratio is only noticeably increased when the 
power at the input of the system approaches the noise floor of the 
instrument. Within the power range at which the system operates 
with sufficient SNR (normalized power above 0.15), the standard 
deviation of the 2f/1f ratio over its mean results in a value of 2.8 %, 
which implies a twofold improvement over the SNR that the 
traditional LHR method can provide at maximum input power. It 
seems reasonable to assume that future developments of WM-LHR 
could further improve the performance of the method by the use 
of more elaborate calibration-free approximations.  



 
Fig. 7. Ratio of the 2f signal peak divided by the baseline-

compensated 1f amplitude at the location of the 2f peak as a function of 
the normalized optical power at the input of the instrument. 

 
The precisions of the WM-LHR and LHR systems were also 

evaluated by performing 12 successive spectral measurements at 
5 minutes intervals. In the case of WM-LHR, the standard deviation 
of the 2f/1f ratio over its mean was characterized throughout the 
whole analysis period resulting in a precision of 1.85 %. The 
spectroscopic precision of the LHR system (average standard 
deviation of the peak value divided by the line absorption) for the 
same input signal and under the same experimental conditions 
was found to be 4.75 %. The results of this final comparative 
assessment confirm that WM-LHR is a method that can potentially 
provide not only an enhanced limit of detection but also better 
consistency and accuracy in the quantification of atmospheric 
constituents.    

In conclusion, in this Letter, we have investigated the features of 
an LHR instrument with a wavelength modulated LO. Wavelength 
modulated optical sources are nowadays the common approach to 
sensitive active optical gas detection; nevertheless, this technology 
has not been adopted by optical radiometry yet. Opportunely, the 
WM-LHR architecture is very similar to the traditional LHR 
scheme; basically, the modulator (chopper) at the optical input is 
replaced by an additional sinusoidal modulation of the LO laser in 
the WM-LHR system. This change brings the immediate advantage 
of reduced insertion losses at the input of the instrument, what 
could be directly reflected in an enhancement of the SNR of the 
system. It must be stressed then that the adaptation of a traditional 
LHR setup to WM-LHR operation is straightforward. 

In the experimental comparison of performance presented in 
the Letter, a hybrid system was implemented for the analysis of 
the spectral features of C2H2 at 1542.25 nm and 1542.37 nm, 
being the second line much weaker than the first transition. This 
setup is an ideal platform for the comparative evaluation of both 
approaches given that the input optical chopper and the LO 
modulation signal can be promptly commuted to enable 
traditional or WM operation modes. A first look of the LHR and 1f, 
2f, and 3f WM-LHR spectra confirmed that whereas the weaker 
resonance of the pair is clearly visible in the three WM-LHR signals 
at a first glance, it is difficult to identify it in the measurement of the 
spectrum of the traditional LHR system. This preliminary visual 
assessment is confirmed by the experimental SNRs obtained; 
demonstrating that, in the same operating conditions, the first 
harmonic of the WM-LHR system can improve by more than an 
order magnitude the SNR of a traditional LHR setup. As a matter of 
fact, in all the cases that were analyzed, the WM-LHR harmonics 
presented an SNR superior to that of LHR. It was also 
demonstrated that in WM-LHR, as in WMS, there is an optimum 
modulation amplitude for the LO that maximized the peak voltages 

of the different harmonics. Baselines were also studied, 
demonstrating how whereas the residual amplitude modulation of 
the laser creates a noticeable baseline in the 1f WM-LHR; a zero-
baseline signal is obtained for the higher order harmonics.  

Arguably the strongest drawback of WM-LHR is that, as 
expected, the amplitudes of all the harmonics depend on the total 
amount of power that reaches the instrument. Nevertheless, the 
experimental tests performed confirmed that the ratio between 
the 2f peak amplitude and the 1f offset level at the location of the 2f 
peak is constant within an input power range close to two orders 
of magnitude (limited by the noise floor of the instrument). An 
obtained dispersion in the value of the ratio of 2.8 % for an input 
power range of almost an octave demonstrates that WM-LHR 
provides a superior line-calibrated SNR than that yielded by LHR 
(even when characterized at higher input power levels). In the 
same way, WM-LHR has also demonstrated a better precision and 
concentration-retrieval stability for the repeated characterization 
of spectral signals. In view of the previous results, it seems 
reasonable to assume that WM-LHR may open the possibility of 
future heterodyne radiometers with the ability to improve the 
sensitivity, the accuracy and the consistency of current systems 
and, hence, of unlocking new opportunities for terrestrial and 
planetary atmospheric exploration.   
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