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The baseline drift artifact (BDA), namely, the baseline bias between the Hadamard transform (HT) spectrum and the signal averaging 
(SA) spectrum was unfortunately found in the HT pulsed separation techniques, which makes the HT analytical chemistry face the 
challenge of non-stability and unreliability. In order to find out the origin and eliminate the BDA phenomenon, the multiplexing 
mechanism of Hadamard transform ion mobility spectrometry (HT-IMS) has been analyzed in this research. Through simulation and 
experimental comparisons, the non-ideal overlap defect in Hadamard multiplexing process was suggested as the cause for the BDA 
phenomenon. Eventually, with a correction method, the BDA phenomenon could be well addressed, which guarantees the reliability 
and stability of HT techniques without increasing the hardware complexity. 
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INTRODUCTION

Traditionally, the single injection mode was always adopted in 
pulse separation science. The sample injection pulse is often limited 
no more than 1% of the total scan time, which leads to a very low 
utilization ratio and low signal to noise ratio (SNR). Fortunately, 
the Hadamard multiplexing technique was introduced into the ion 
mobility spectrometry (IMS) and the significant enhancement of the 
duty cycle (DC) has been achieved to nearly 50%. Accordingly, the 
SNR of IMS has been improved nearly 2-10 folds.1-3 Due to that, the 
Hadamard multiplexing has been efficiently introduced into many 
other fields, such as the capillary electrophoretic separation technique 
(CE),4-7 time-of-flight mass spectrometry,8-10 gas chromatography/
mass spectrometry (GC/MS) and so on. 11-13

However, with the enhancement of the SNR, the artifacts were 
unexpectedly found in the demultiplexed data of HT techniques. 
Among these artifacts, the false peak phenomenon attracts most 
attention. Prost et al. developed an algorithm to identify and 
remove the false peaks in Hadamard transform ion mobility mass 
spectrometry.14 Zeppenfeld et al. analyzed that the negative systematic 
false peak errors were introduced by the instrumentation in the 
analysis of time of flight mass spectrometry.15 Besides, the false or 
spurious peaks were also located in data of HT-CE, 6,7 Time-of-flight 
Mass Spectrometry.16 Recently, our group focuses on the study of the 
artifacts in HT-IMS and have put forward some efficient methods to 
suppress these false peak artifacts.17,18

Except for the false peaks as mentioned above, another kind of 
artifact, i.e., the “baseline drift artifacts (BDA)” were also presented 
in the demultiplexed data of HT techniques. These baseline bias 
between the HT spectrum and the SA spectrum leads to the instability 
of the data of HT. In the reports of HT-CE,4,19 the remarkable 
baseline inconsistency (namely the BDA phenomenon) between the 
single injection mode and Hadamard injection mode of capillary 
electropherograms has been presented. In addition, in researches 
of Hadamard transform-gas chromatography/mass spectrometry 

(HT-GC/MS),13,20 the BDA phenomenon was also found. Furthermore, 
the BDA phenomenon was demonstrated in the reports of HT-IMS 
too.1,2,14 However, these BDA artifacts are all neglected, which may 
affect the reliability and the quality analysis level of HT techniques. 

In order to find out the origin of the BDA phenomenon and 
address the problem completely, the HT-IMS was selected to be the 
analyzing object in this work. Through simulation of the Hadamard 
multiplexing and demultiplexing process, the BDA phenomenon 
was reproduced, which indicates that the BDA phenomenon of HT 
separation techniques doesn’t result from the modulation defects but 
from the actual superposition mechanism of Hadamard multiplexing. 
Eventually, with an adaptive compensation algorithm, this BDA 
distortion could be effectively solved.

EXPERIMENTAL

General method

The conventional IMS usually works under the signal averaging 
mode, which is shown in Figure 1 (a). During each total scan period, 
the ions are injected only once under the function of the gating 
sequence. For example, if the gating function is like “1000000000…”, 
each “1” represents opening the ion gate for a short pulse and each 
“0” means shuttering the ion gate for a short while. Here, the time 
cost for each “1” or “0” is equivalent. To guarantee the high resolving 
power, the injection time (about 200 μs) is always limited to no more 
than 1% of the total scan period (about 30 ms), which forms a low 
duty cycle (DC), and eventually it leads to low ion throughput and 
low SNR in conventional SA-IMS.

In order to enhance the duty cycle and so as to the SNR of IMS, 
the Hadamard multiplexing technique was introduced. In Hadamard 
multiplexing ion mobility spectrometry (HT-IMS), the pseudo random 
binary sequence (PRBS) works as the modulation sequence as shown in 
Figure 1(b). For instance, if a 15-bit PRBS is like “100011100101100”, 
each “0” means shuttering the injection of the ions for a short period, 
and each “1” represents starting one injection for a short while. Thus, 
under the function of the PRBS modulation sequence, the injection of 
the ions in one total scan time was activated for multiple times, which 
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largely improves the duty cycle and the ion throughput. The convolution 
process of the Hadamard multiplexing could be described as Eq. 1.

	 [Y] = [S] × [X]	 (1)

where the order of the S-matrix is the n (n is the length of the 
PRBS), and X is the spectrum data corresponds to one single pulse 
of injection, matrix Y represents the multiplexed data, which were 
convoluted by multiple spectra. To recover the original spectrum X, 
the multiplexed data Y should be deconvoluted by multiplication of 
the inverse S-matrix, S-1, which is described in Eq. 2.

	 [X]* = [S]–1 × [Y] = [S]–1 × [S] × [X]	 (2)

Here, the X* represents the data of inverse HT spectrum. 
Apparently, the duty cycle of the HT technique is much more 

than that of the SA mode, which must achieve a high ion throughput 
and SNR.

The experiments are implemented with our self-built atmospheric 
pressure corona discharge ion mobility spectrometry (APCD-IMS), 
which we have described in our previous work 14,15 in detail. It 
consists of ion drift tube (including ionization region, reaction region, 
ion shutter, drift region and Faraday plate, ion charge amplifier), 
data processing unit, the ion gate controller and high-voltage power 
supplier (HV). The reaction region and drift region are isolated by 
a B-N type ion gate, which is coupled with the ion gate controller. 
Under the function of the controller, the ion gate is opened or shuttered 
frequently, which activates or prevents the injection of the ion packets 
from the reaction region to the drift region. The APCD-IMS works 
under negative corona discharge detection mode in this work.

To simplify the analysis of this work, no sample gases are 
introduced into APCD-IMS instrument except for the ambient air. 
Thus, only the reactant ions are generated in the ionization region 
by negative corona discharge in air under the control of the high 
voltage (HV) module, and the measurements are mainly about 
the reactant ions. Here, the homogeneous electric field in the drift 
region is set as 300 V cm-1, and the ion gate controller generates 
the signal averaging gating sequence and Hadamard multiplexing 
gating sequence as required, and each ion gate pulse width for all 
the following experiments is set as 200 μs.

RESULTS AND DISCUSSION

Phenomenon of BDA

The first group of measurements (average data of SA and 
HT methods measured in September 2018) are demonstrated in 

Figure 2(a) and 2(b), where the average experimental temperature is 
301K and the average relative humidity is about 41%. As shown in 
Figure 2(a), the normal reactant ion peak (RIP) is illustrated in the 
spectrum of SA-IMS. The Mean Value for the Baseline (MVB) of 
SA-IMS is -47, which is close to 0. In the inset of Figure 2(b), the 
multiplexed data of Hadamard transform is illustrated, where the order 
of the S-matrix is 255 and the MVB for the multiplexed data is -46, 
nearly the same with that of the SA-IMS. Figure 2(b) demonstrates the 
spectrum of HT-IMS. As we can see, the MVB for HT-IMS is about 
-5, the drift time for the RIP is the same with that of the SA-IMS. 

Figure 2(c)-(d) demonstrate another group of measurements 
(average data of SA and HT methods measured in March 2019). It 
was measured under the condition of 295 K, the relative humidity 
is 55% and it works under ambient pressure. Figure 2(c) shows the 
measurement of SA-IMS. The MVB is -215.6, which is much far 
away from zero. In the inset of Figure 2(d), the multiplexed data of 
HT-IMS is shown, the MVB for the multiplexed data is about -215.3, 
which is nearly the same with that of SA-IMS. While, the MVB of the 
HT-IMS spectrum shown in Figure 2(d) is about -7, which is much 
lower than that of the SA-IMS (-215.6).

Under the same function of SA method, the baselines of 
Figure 2(a) and Figure 2(c) vary from each other, which is possibly 
due to different working condition. Similar measurements appeared in 
other researches of HT-IMS1,2 and HT-CE7,19 that is to say, most of the 
MVBs for IMS or other pulsed separation techniques are not always 
kept as 0 due to their different working conditions and environmental 
noise. However, the MVBs for different HT techniques are nearly the 
same (very close to zero), as shown in Figure 2(b) and Figure 2(d). 
Thus, the MVB bias between the SA-IMS and the HT-IMS is so-called 
the BDA phenomenon. Actually, this kind of BDA phenomenon 
has presented in former reports of HT-IMS,1,2,14 HT-CE,7,19 and  
HT-GC/MS13,20 and so on, which makes the HT technique suffer from 
the challenge of instability. 

Spectrum response principle of SA-IMS and HT-IMS

Under signal averaging mode, during the total scan time, the 
injection is activated only once (single injection mode). Therefore, 
the gating pulse could be described as “100000000...” and the 
spectrum response is shown in Figure 3a. While, under Hadamard 
multiplexing mode, the pseudo random binary sequence (PRBS) is 
used to substitute the single injection mode to control the ion gate. 
Thus, the multiplexed data of Hadamard multiplexing method could 
be regarded as the superimposition of (m+1)/2 (m is the length of the 
PRBS) independent spectra, as shown in Figure 3(b). After the inverse 
Hadamard transform, the demultiplexed data could be obtained as 
shown in Figure 3(c).

Figure 1. Comparison of conventional SA-IMS and HT-IMS:(a) is the SA-IMS; (b) is the HT-IMS
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Simulation of SA-IMS and ideal HT-IMS

Based on the principle of spectrum response of SA method and 
Hadamard multiplexing method, the simulation of SA-IMS and ideal 
HT-IMS is implemented. As shown in Figure 4(a), if the MVB for SA-
IMS is 0, the MVB for the multiplexed data of Hadamard method would 
be 0 too, shown in the inset of Figure 4(b). After the inverse Hadamard 
transform, the HT-IMS spectrum is shown in Figure 4(b). Obviously, 
the BDA phenomenon was never found in this section of simulation.

However, according to the actual working condition, the MVB for 
SA-IMS is not always kept as 0, as shown in Figure 2(c). Accordingly, 
in the simulation process, we could set the MVB of SA-IMS as -200, 
thus, the simulation results of SA-IMS and ideal HT-IMS are shown 
in Figure 4 (c) and (d), respectively.

Figure 4(c) is the spectrum of SA-IMS, where the MVB is nearly 
about -200. According to the theory of Hadamard multiplexing, the 
multiplexed data are obtained and shown in the inset of Figure 4(d). It 
is clear that the MVB of the multiplexed data is close to -25600 (here, 
the order of the S-matrix is 255, according to the theory of Hadamard 
multiplexing, the Hadamard multiplexed data are convoluted by 
(m+1)/2 separate spectra, thus the baseline value of the multiplexed 
data is nearly equal to -200×128), which is far away from -200. 
Through the inverse Hadamard transform, the demultiplexed data is 
obtained, as shown in Figure 4(d), where the MVB of the HT-IMS 
spectrum returns to -200, which is equal to that of the SA-IMS and 
the BDA phenomenon was not found.

In total, whether the MVB of SA-IMS is close to or far away 
from 0, the MVB for the demultiplexed data of ideal/theoretical 

Figure 2. Comparison of experimental measurements for SA-IMS and HT-IMS:(a) and (b) are the first group of experimental results; (c) and (d) are another 
group of experimental results

Figure 3. Spectrum response comparison of single injection and multiplexing injection mode:(a) single injection mode; (b) Hadamard multiplexing injection 
mode; (c) the demultiplexed data
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HT-IMS is always kept the same with that of SA-IMS, and the BDA 
phenomenon would not occur.

Discover the origin of BDA

Through comparison of section 4.1 and section 4.2, it was found 
that when the MVB of SA-IMS is not equal to 0, and indeed most 
experimental baseline of the pulsed separation techniques are not 
equal to 0,1,2,7,14 thus the BDA phenomenon would be generated in 
HT techniques. It is well known that, whatever for ideal or actual 
Hadamard multiplexing, the inverse Hadamard transform processes 
are the same. Thus, the BDA phenomenon must be originated from 
the Hadamard multiplexing process. 

In this section, in order to explore the real process of the 
Hadamard multiplexing and find out the real cause for the BDA 
artifact, the superposition mechanism are evaluated with simulation 
and experimental methods, respectively. 

To carry out the test, the gating sequence for single, double, and 
triple injection modes are designed as following:

Single injection, “1000000000...”. In the total scan time, the gate 
was opened only once.
Double injections, “1010000000...”. In the total scan time, the gate 
was opened twice.
Triple injections, “1010100000...”. In the total scan time, the gate 
was opened for triple times.

As shown in the left side of Figure 5, the experimental results are 
demonstrated. Figure 5(a-c) demonstrate the spectrum responses to 
single injection, double injections and triple injections, the average 
times are set as five. Figure 5(a) shows the spectrum of single 
injection, and the MVB of the spectrum is about -200. It is clear that 
the MVBs for the superposition spectra (Figure 5(b) and (c)) are all 
close to -200, which is the same with that of the single injection mode 
as shown in Figure 5(a). However, on the right side of Figure 5, the 
simulation results of single, double and triple injections are illustrated 
in Figure 5(f-h), respectively. As we can see, the MVB for the single 

injection is -200, while the MVB for double and triple injection 
modes are changed to -400 (-200*2) and -600 (-200*3). The main 
difference between simulation and experimental results is the MVB 
of the superposition spectra. This indicates that in actual experimental 
multiplexing process, the signal peak is the superposition of multiple 
peaks, while the baseline of the multiplexed data would be kept 
unchanged with that of the single injection mode. However, under 
ideal simulation Hadamard multiplexing mode, the multiplexed data 
are the superposition results of multiple independent spectra and so 
does the baselines of the multiplexed data.

According to the different multiplexing mechanism of actual 
and ideal Hadamard multiplexing, the experimental and simulation 
results of HT-IMS are illustrated in Figure 5(d-e) and Figure 5(i-j), 
respectively.

Under experimental conditions, the multiplexed data are shown 
in Figure 5(d), where the MVB (-200) is nearly the same with that of 
the single injection pattern shown in Figure 5(a), while, the MVB of 
the demultiplexed data shown in Figure 5(e) is about -5 (very close 
to 0), which is far lower than that of the SA-IMS, thus results in the 
obvious BDA phenomenon.

However, under simulation method, on the right side of Figure 5, 
the MVB of the multiplexed data shown in Figure 5(i) is -25600, 
which is 128 folds of that of the SA-IMS (single injection mode as 
shown in Figure 5(f)). However, the MVB of the demultiplexed data 
shown in Figure 5(j) is the same with that of the simulation spectrum 
of SA-IMS (shown in Figure 5(f)). Thus, the BDA phenomenon has 
never be found. 

Through the comparison of multiplexing process of experimental 
and ideal Hadamard transform methods, it was found that the baseline 
of ideal multiplexed data must be the overlaps of multiple spectra’s 
baselines, however, the baseline of experimental multiplexed data is 
the same with that of the single injection mode. Thus, after the same 
inverse Hadamard transform, the baselines of the demultiplexed 
data of ideal and experimental HT methods may vary from each 
other significantly, especially when the baseline of SA-IMS is far 
away from 0. Eventually, this would lead to the remarkable BDA 
phenomenon (baseline inconsistency between SA method and HT 

Figure 4. Simulation comparison of SA-IMS and HT-IMS : (a) is the simulation spectrum of SA-IMS; (b) is the simulation spectrum of HT-IMS; (c) is the SA‑IMS; 
(d) is the HT-IMS, in the inset of (d), the multiplexed data is shown
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Figure 5. Multiplexing process comparison of experiments and simulations: (a-e)experimental spectra of single injection, double injections and Hadamard 
multiplexed and demultiplexed data;(f-j) are simulation results

Figure 6. Comparison of experimental results of HT-IMS before and after correction: (a) and (b) are the results before correction, (a) is the spectrum of SA‑IMS; 
(b) is the spectrum of HT-IMS (the order of the S-matrix is 255); (c) and (d) are the results obtained after correction

method). As a result, the stability and reliability of HT-IMS will 
suffer from big challenge. 

Correction of the BDA

Since we have found out the reason why the BDA phenomenon is 
generated and in order to address this problem of HT-IMS, an adaptive 
correction algorithm is introduced into our self-built HT‑IMS. 
Actually, the correction method includes two procedures, one is to 
determine whether there exists BDA phenomenon or not and the 
other is the baseline correction module. Firstly, with the determinant 

module, the baselines of SA method and HT method are compared 
and the existence of BDA are tested. If the BDA phenomenon does 
exist, the baseline correction module will be activated by adjusting 
the baseline of HT method in line with that of the SA method.

Figure 6 demonstrates the experimental comparison before and 
after correction. On the left side, the experimental results obtained 
before correction are demonstrated in Figure 6(a-b). Through 
determinant module, the existence of the BDA phenomenon was 
ensured. Accordingly, the correction procedure will be implemented. 
The final result is demonstrated on the right side of Figure 6. As shown 
in the Figure 6(d), the MVB of the HT-IMS (after correction) is nearly 
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the same with that of the SA-IMS, and thus the BDA phenomenon 
was addressed completely.

CONCLUSIONS

With HT technique, the signal to noise ratio of pulsed separation 
techniques could be enhanced significantly, however, the artifacts, 
especially the BDA phenomenon was introduced into HT techniques. 
Simulation and experimental tests suggest that the inherent unideal 
superposition mechanism rather than the modulation defect would 
lead to the BDA phenomenon. Based on that, a correction method 
was introduced and successfully addressed the BDA problem 
completely, which guarantees the stability and reliability of the HT 
pulse separation techniques.
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