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On Band-stitching for Wideband Vector
Measurements With Vector Signal Analyzers

Yilin Ji, Jesper Ødum Nielsen, and Wei Fan

Abstract—As the bandwidth of radio signals increases signifi-
cantly over the evolution of communication systems, the analysis
bandwidth of many current instruments becomes insufficient.
In this paper, we study analysis bandwidth extension using the
so-called band-stitching. Specifically, we propose a two-step delay
estimation method which combines the cross-correlation and an
additional refining step to resolve the timing impairment between
different sampling branches in post-processing. We verify the
method with a sequential measurement setup, using vector signal
analyzers (VSAs). The result shows the necessity of conducting
the refining step for getting a more accurate delay estimate to
successfully recover the original wideband signal. Besides, a good
agreement is found between the stitched data and the reference
data in terms of the waveforms and error vector magnitude (EVM),
which shows the effectiveness and robustness of the proposed
calibration method in practice.

Index Terms—Band-stitching, EVM measurements, and sub-
band impairment correction.

I. INTRODUCTION

The emerging fifth-generation (5G) new radio (NR) has
a much wider bandwidth compared to the previous fourth-
generation (4G) long term evolution (LTE). It is stated in the
standard [1] of the 3rd Generation Partnership Project (3GPP)
that each carrier of the 5G NR signal in the frequency range 2
(FR2) could occupy a bandwidth of up to 400 MHz per carrier,
whereas 4G LTE occupies up to only 20 MHz bandwidth per
carrier. The wider bandwidth greatly increases the throughput
of communication systems but, on the other hand, also poses a
challenge to measurement instrumentation for the development
or testing.

In the case of vector measurements, such as waveform or
demodulation measurements, the analysis bandwidth of the
instrument needs to be larger than the input signal bandwidth.
However, as the bandwidth of signals increases significantly
along the evolution of communication systems, the analysis
bandwidth of many existing commercial instruments becomes
insufficient. To address this problem, besides developing new
instruments with a much wider bandwidth, which is time-
consuming and expensive, measurement bandwidth extension
techniques have been proposed in the literature [2]–[10], which
allow instruments of insufficient bandwidth to be used again
without hardware modification. Those techniques can be divided
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into two groups, i.e., time-interleaved methods [2], [3] and
frequency-interleaved methods [4]–[10]. In this paper, we
study the latter one whose fundamental principle is band-
stitching. This principle has also been widely used in other
applications when bandwidth extension is considered, such as
channel sounding [11], channel emulation [12]–[14], and signal
generation [15].

The general procedure of band-stitching for vector measure-
ments involves several steps as follows: 1) spectrum division,
2) sub-band sampling, 3) interpolation and mixing, 4) sub-band
impairments calibration, and 5) sub-band stitching. Depending
on whether the spectrum division and sub-band sampling are
done sequentially or simultaneously for all sub-bands, the
practical measurement setup can be configured in a sequential
structure [5], [6], [9] or a parallel structure [7], [8], respectively.
Due to the fact that different sub-band data are essentially
recorded separately either in time (the sequential case) or at
different branches (the parallel case), there might exist timing,
magnitude, and initial phase impairments among recorded sub-
band data. Detailed causes of these impairments are discussed
later.

An accurate estimate of the sub-band impairments is of
key importance to recover the original signal. In the literature
[10], the timing impairment was estimated analytically with a
limitation of the input signal being a predefined multisine signal.
For more general input signals, the timing correction is mostly
resolved through either circular cross-correlation or trigger
signals among different sampling branches [5]–[9]. However,
those methods are not sufficient to reach an accurate estimate
for the timing impairment. Detailed reasons and examples are
shown later. Therefore, there is a need for estimation methods
of a higher accuracy.

In this paper, we discuss both the sequential and the parallel
setup with vector signal analyzers (VSAs). The pros and
cons of both setups are given. For the timing correction, we
propose a two-step delay estimation method which combines
the common circular cross-correlation and an additional refining
step. Two series of validation measurement are presented for
the sequential setup at 1 GHz and 28 GHz center frequency,
respectively. In the measurement, the test signal is set to an
orthogonal frequency-division multiplexing (OFDM) NR-FR1-
TM3.1a [16] signal. The necessity of conducting the additional
refining step is demonstrated. Moreover, the conformity of the
stitched signal to the original input signal is evaluated through
the comparison of their waveforms and error vector magnitude
(EVM).

The main novelty of this work is a two-step delay estimation
method to resolve the timing impairment among sub-bands,
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which provides a higher accuracy than just cross-correlation
and triggering, and hence allows for analyzing signals of wider
bandwidth. The proposed method is examined for stitching
with different numbers of sub-bands. Besides, we also show the
whole process of the band-stitching for demodulation testing
in practice.

The structure of the rest of the paper is given as follows:
Section II describes the sequential and the parallel setups,
and the principle of band-stitching. Section III elaborates the
sub-band impairment correction procedure with a focus on
the proposed two-step timing impairment estimation method.
Section IV shows the validation measurements and discussion
on the results. Lastly, Section V concludes the paper.

II. SETUPS AND PLANNING

A. Sequential and parallel setups

The sequential setup given in Fig. 1(a) requires only one
VSA in the measurement. The transmission of the signal source
and the reception of the VSA are controlled by a common
trigger signal. The signal source replays the input signal from
the beginning every time when a trigger event occurs. Suppose
the spectrum of the input signal is divided to N sub-bands.
During the nth trigger event, the center frequency of the VSA,
fn, is set to the center frequency of the nth sub-band. The
in-phase and quadrature (I/Q) data of that sub-band is recorded.

The parallel setup given in Fig. 1(b) consists of multiple
VSAs conducting parallel recording simultaneously. The num-
ber of VSAs equals the number of sub-bands. The reception
of all VSAs is controlled by a common trigger signal. The
center frequency of the VSA at the nth sampling branch, fn,
is set to that of the nth sub-band. Only one trigger event is
needed to capture the I/Q data of all sub-bands, since different
sub-bands are recorded at their respective sampling branches
at the same time.

It is recommended, if possible, to lock the VSAs and signal
source to the same reference frequency, e.g., through a 10
MHz signal, to minimize any carrier frequency offset for
both setups. Otherwise, carrier recovery may be needed for
each sub-band. Similar care could be taken for the sampling
clock synchronization among the instruments to minimize any
sampling frequency offset.

Compared to the parallel setup, the sequential setup has the
advantage of a much lower system cost since only one VSA is
involved for the measurement. However, due to its repetitive
nature of measurement, it takes N times longer measurement
time than the parallel setup to record a signal of the same
length. Besides, due to the same reason, the sequential setup
cannot handle non-repeatable input signals, e.g., live (cellular)
network signals. On the other hand, since different different
lengths of sampling paths and triggering paths are involved for
the parallel setup, more significant timing impairments among
the sub-band measurements are expected to occur.

B. Planning of sub-band division

In the process of the I/Q recording of the VSA, the input
signal is first filtered by the analysis filter of the VSA before
recording [17]. The analysis filter is an effective filter that

Input signal

Source VSA

Trigger signal

Center frequency: 

(event )

(a)

Source VSA

VSA

VSA

Trigger signalInput signal

Path Path 

(b)

Fig. 1. Diagrams of (a) the sequential setup and (b) the parallel setup. The
center frequency of the VSA of the nth trigger event or the nth sampling
branch is denoted as fn.

describes the total effect of all filtering, e.g., at the intermediate-
frequency (IF) analog filter, the anti-aliasing filter, etc., that
the VSA does before outputting the I/Q data. The bandwidth
of the analysis filter, Banalysis, which is often referred to as
the analysis bandwidth in instrument manuals [17], determines
the bandwidth within which the spectrum of the raw input
signal can be recorded approximately without distortion, i.e.,
Hanalysis(f) ≈ 1 within the analysis bandwidth. The value of the
analysis bandwidth is usually scaled to the sampling rate of the
VSA by a factor of 0.8 [17]. For instance, if the sampling rate
were set to 100 MHz, the corresponding analysis bandwidth
would be 80 MHz.

A diagram of the relations of the individual sub-bands and
the total stitched band is shown in Fig. 2. In the diagram, all
sub-bands are of the same analysis bandwidth Banalysis. The
spacing between the center frequencies of the adjacent sub-
bands is ∆f for all sub-bands. The overlap bandwidth between
the adjacent sub-bands can be found to be

Boverlap = Banalysis −∆f. (1)

The total stitched bandwidth can be found to be

Bstitch = (N − 1) ·∆f +Banalysis. (2)

Desired values of Boverlap and Bstitch can be achieved by varying
the values of the three variables, i.e., N , ∆f , and Banalysis when
planning for the sub-band division.

III. SUB-BAND IMPAIRMENT CORRECTION

For the ease of illustration, the impairment estimation is
discussed with a two-band stitching scenario. All three types
of impairments are estimated with the recorded sub-band I/Q
signals in the overlap band. We assume that when there is no
impairment, the signals of adjacent sub-bands in the overlap
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Fig. 2. Diagram of the relations among sub-bands. The nth sub-band is
centered at fn with the analysis bandwidth of Banalysis. The spacing between
the center frequencies of adjacent sub-bands is ∆f . The overlap bandwidth
between adjacent sub-bands is Boverlap. The total stitched bandwidth is Bstitch.

= 0

Original signal

Sub-band 1, ( )

Sub-band 2, ( )

SPD 1

TPD 1

SPD 2
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Source:

VSA1:
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Fig. 3. Timing impairments between sub-bands with respect to the original
signal for a two-band stitching scenario. The input signal arrives at each VSA
after a sampling path delay (SPD). Each VSA starts recording after a triggering
path delay (TPD), indicated with the red dashed line. The recording duration is
T for both VSAs. The green dashed line indicates a virtual start of recording
after delay ∆τ correction. The recoverable duration of the data is T̄ with a
maximum value of max{T̄} = T − |∆τ |.

band shall be about the same if noise is neglected. Recall that
Hanalysis(f) ≈ 1 in the overlap band.

A. Timing impairment estimation

The timeline of the recording of two sub-band signals is
given in Fig. 3. Consider the parallel setup in Fig. 1(b). Suppose
a common trigger signal is sent to both VSAs. Due to potential
different lengths of the sampling paths, triggering paths, or
jitters, the starts of recording of the two VSAs (see Fig. 3)
may not coincide at the same position relative to the beginning
of their respective sub-band signals. This timing impairment
from various sources can be summarized as a delay offset, ∆τ ,
between the recorded data of the two sub-bands.

Suppose both sub-bands are recorded for T seconds. Inter-
polate them to a target sampling rate Bin, which should be
larger than or equal to the total bandwidth of the original input
signal. Mix them to their IF center frequencies, i.e., ± 1

2∆f ,
respectively. Denote the resulting signals as s1(t) and s2(t)
with t ∈ [0, T ]. Convert them to the frequency domain using
the discrete Fourier transform (DFT), and denote them as S1(f)
and S2(f) with f ∈ [− 1

2Bin,
1
2Bin].

An initial estimate of ∆τ , denoted as ∆τ ′, is obtained
through the circular cross-correlation of the two signals as

(similar to [9])

∆τ ′ = argmax
τ ′

∣∣∣∣∣∣
∑

f∈foverlap

S1(f)S
∗
2 (f)e

j2πfτ ′

∣∣∣∣∣∣ , (3)

where foverlap = [− 1
2Boverlap,

1
2Boverlap], and (·)∗ denotes the

complex conjugate operator. Note that the applicability of (3)
assumes the input signal has strong orthogonality in the time
domain, e.g., pseudo-noise signals, so that a high peak can be
found in the cross-correlation.

However, since the input signal could be arbitrary and
recording is a causal process, circularly shifted data does not
comply to the causality, and hence the estimate ∆τ ′ from
(3) might suffer from the artifacts due to circular shifting.
Therefore, a refined estimation is further conducted to obtain
a more accurate estimate based on the initial one.

To exclude the wrapped part of the signals from the
estimation, we only consider the signals within a time window
[0, T̄ ], where the theoretical maximum duration is max{T̄} =
T − |∆τ |. Since the true value of ∆τ is unknown, we can
use the initial estimate ∆τ ′ in practice as a likely guess of
max{T̄}. To cut the signals down to the time window, define

s̄1(t) =
∑

f∈fBin

S1(f)e
j2πft, (4)

s̄2(t; ∆τ ′ + τ ′′) =
∑

f∈fBin

S2(f)e
−j2πf(∆τ ′+τ ′′)ej2πft, (5)

for t ∈ [0, T̄ ], where fBin = [− 1
2Bin,

1
2Bin]. Convert s̄1(t) and

s̄2(t; ∆τ ′+τ ′′) to the frequency domain using DFT, and denote
them as S̄1(f) and S̄2(f ; ∆τ ′ + τ ′′). The refined estimate is
obtained as

∆τ ′′ = argmin
τ ′′

σ

(
∠

S̄1(f)

S̄2(f ; ∆τ ′ + τ ′′)

)
, (6)

for f ∈ foverlap, where ∠(·) evaluates phase angle at each
frequency, and σ(·) evaluates the standard deviation over
frequencies. The final estimate of the delay offset is ∆τ =
∆τ ′ +∆τ ′′. As denoted in Fig. 3, correcting the timing of the
recorded “sub-band 2” signal effectively pushes the real start
of recording (red dashed line) to a virtual one (green dashed
line) by ∆τ in the recorded data.

The refined estimation is much more computationally
expensive than the initial estimation, since it involves the
(inverse) DFT for each search candidate of τ ′′ whereas the
initial estimation computes only once (inverse) DFT for all
τ ′. However, knowing the initial estimate ∆τ ′ helps to narrow
down the search range for the second estimation significantly. In
practice, the search range can be reduced to within several bins
of the delay resolution, i.e., 1/Bin. The resulting computational
complexity can be found to be O(Mτ ′′Nt logNt) if the DFT
is implemented with the fast Fourier transform (FFT), where
Mτ ′′ and Nt are the number of search candidates of τ ′′

and the number of recorded samples in the time duration
T , respectively.
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B. Magnitude and initial phase impairment estimation

The magnitude impairment ∆α and the initial phase impair-
ment ∆ϕ can be estimated respectively as

∆α =

∣∣∣∣∣∣ 1

Nf

∑
f

S̄1(f)

S̄2(f ; ∆τ)

∣∣∣∣∣∣ , (7)

∆ϕ = ∠

 1

Nf

∑
f

S̄1(f)

S̄2(f ; ∆τ)

 , (8)

over the Nf frequency bins within f ∈ foverlap. In the end, the
final stitched signal in the frequency domain can be obtained
as

Ȳ (f) =


S̄1(f), − 1

2Bin ≤ f < − 1
2Boverlap

S̄1(f), |f | ≤ 1
2Boverlap

S̄2(f ; ∆τ) ·∆αej∆ϕ, 1
2Boverlap < f ≤ 1

2Bin

(9)

for f ∈ fBin . We can also obtain the time-domain stitched
signal, ȳ(t) for t ∈ [0, T̄ ], by computing the inverse DFT of
Ȳ (f). It is worth noting that the above calibration method can
be used for general multi-band stitching scenarios by going
through all adjacent sub-bands.

A summary of the procedure of the proposed band-stitching
method is given below:
i) Measure the I/Q data of each sub-band, following (1) and

(2).
ii) Interpolate the sub-band data to the bandwidth of the

original input signal, e.g. by zero-padding in the frequency
domain.

iii) Mix each sub-band to its respective IF center frequency,
e.g. by multiplying a phasor in the time domain.

iv) Estimate and correct the delay offset ∆τ between sub-
bands, using (3) and (6).

v) Estimate and correct the magnitude and initial phase
offset, ∆α and ∆ϕ, between sub-bands, using (7) and
(8).

vi) Calculate the final stitched data Ȳ (f) and ȳ(t), using (9).
It is worth noting that the above impairment correction

method requires the presence of the original signal in the
overlap band. Therefore, for signals with large gaps in the
spectrum, e.g., due to carrier aggregation, the overlap band
shall be assigned outside the gap region.

IV. VALIDATION MEASUREMENTS

A. Measurement description

We conducted two measurement series with the sequential
setup, see Fig. 1(a), at 1 GHz and 28 GHz center frequency,
respectively. The 28 GHz measurement was realized with
additional external mixers.

For both measurement series, the same measurement in-
struments were used. On the transmitter side, a Rohde &
Schwarz (R&S) SMBV100B was used as the signal generator.
The baseband signal was chosen to be the “NR-FR1-TM3.1a-
FDD-100MHz-30kHz” signal, which is an OFDM signal of
quadrature amplitude modulation (QAM) of order 256 with

VSG

VSA

Trigger

Fig. 4. Photo of the measurement setup of Series #1. Three measurement
instruments are used: a vector signal generator (R&S SMBV100B), a vector
signal analyzer (R&S FSW67), and a trigger signal generator (Tektronix AFG
3252).

100 MHz channel bandwidth and 30 kHz sub-carrier spacing
[16]. A frame of the signal lasts for 10 ms, which consists
of 20 slots. The signal generator was set to the “retrigger”
mode, and it started to transmit the same frame continuously
and repetitively once it received the trigger signal. On the
receiver side, an R&S FSW67 was used as the VSA. It started
recording the I/Q signal at its configured center frequency and
sampling rate once it received the same trigger signal as for
the signal generator for a configured recording duration. The
signal generator and the VSA were locked to the same 10
MHz reference frequency during the measurement.

Besides different center frequencies, stitching with different
numbers of sub-bands was also conducted, i.e., from one-band
stitching (B1) to four-band stitching (B4) through varying
the center frequency and sampling rate of each sub-band
measurement at the VSA. Note that the one-band stitching case
is the same as the conventional full-bandwidth measurement
without band-stitching. All measurements were repeated three
times.

A summary of the measurements conducted in the exper-
iment is given in Table I, and the settings of the sub-band
measurements for individual band-stitching cases are given in
Table II. A photo of the measurement setup of Series #1 is
shown in Fig. 4.

An example of the measured I/Q converted to the frequency
domain is shown in Fig. 5 for the B1 and B3 cases of Series
#1, i.e., the conventional full-bandwidth measurement case and
the three-band stitching case. Each sub-band I/Q of the B3
case has been interpolated from its recording sampling rate,
62.5 MHz, to the target sampling rate 122.88 MHz, and further
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TABLE I
GENERAL CONFIGURATIONS OF THE MEASUREMENT SERIES

Measurement series Series #1 Series #2
Setup type Sequential Sequential

Center frequency 1 GHz 28 GHz1

Band-stitching case B12, B2, B3, B4 B12, B2, B3, B4
Recording duration 60 ms 60 ms

Repetitions 3 3

1: with external mixers.
2: B1 denotes the conventional full-bandwidth measurement.

TABLE II
SETTINGS OF THE SUB-BAND MEASUREMENTS FOR THE FOUR

BAND-STITCHING CASES

Band-stitching case B11 B2 B3 B4
Number of sub-bands (N ) 1 2 3 4

Sampling rate [MHz] 122.88 100 62.5 50

IF center frequency
per sub-band [MHz]

f1 0 −30 −30 −30

f2 - 30 0 −10

f3 - - 30 10

f4 - - - 30

Banalysis [MHz] 98.304 80 50 40

∆f [MHz] 0 60 30 20

Boverlap [MHz] 20 20 20 20

Bstitch [MHz] 98.304 140 110 100

1: B1 denotes the conventional full-bandwidth measurement.

mixed to their respective IF center frequencies, i.e., −30 MHz,
0 MHz, and 30 MHz. The small frequency components on the
very left and right side of the “sub-band 1” and “sub-band
2” are caused by the anti-aliasing filter and decimation of the
VSA while recording the I/Q data. We can see the envelopes
of the three sub-bands, if superimposed, follow that of the B1
case within the channel bandwidth.

B. Impairment correction results

The same example (the B3 case of Series #1) showed in
Fig. 5 is taken for the illustration. The impairment estimation
and correction is done over the 20 MHz overlap frequency
band between adjacent sub-band I/Q. The initial and refined
delay between “sub-band 1” and “sub-band 2” are estimated to
be ∆τ ′ = 1 · δτ and ∆τ ′ = 0.03 · δτ with δτ = 1/122.88 µs.
Between “sub-band 2” and “sub-band 3”, the delay estimates
are ∆τ ′ = 1 · δτ and ∆τ ′ = 0.18 · δτ . The phase alignment in
the two overlap frequency bands are shown in Fig. 6 for the
cases without delay correction, with the initial delay correction,
and with the refined delay correction. We can see a clear
improvement in the alignment with the initial delay correction
and that of the refined delay correction seems marginal.

The initial phase offset is estimated from the phase alignment
with the refined delay correction, and it is ∆ϕ = 39.92◦

between “sub-band 1” and “sub-band 2” and ∆ϕ = −74.83◦

between “sub-band 2” and “sub-band 3”.
Similarly, the magnitude alignment in the two overlap

frequency bands are shown in Fig. 7. No significant difference
among the three cases is seen, which is reasonable since
the estimated delay offsets between adjacent sub-bands are
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Fig. 5. The measured I/Q converted to the frequency domain. Each sub-band
I/Q of the B3 case has been interpolated to 122.88 MHz sampling rate and
mixed to their respective IF frequencies, i.e., −30 MHz, 0 Hz, and 30 MHz.
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Fig. 6. The phase alignment in the overlap frequency band between the
adjacent sub-band I/Q, i.e., (top) between “sub-band 1” and “sub-band 2”, and
(bottom) between “sub-band 2” and “sub-band 3”. Three cases are shown, i.e.,
the phase alignment without any delay correction (raw), that with the initial
delay correction (∆τ ′), and that with the refined delay correction (∆τ ′′).
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i.e., the magnitude alignment without any delay correction (raw), that with
the initial delay correction (∆τ ′), and that with the refined delay correction
(∆τ ′′).

TABLE III
ESTIMATED OFFSETS FOR THE B3 CASE OF SERIES #1

Rep. #1 Rep. #2 Rep. #3

Between
sub-band 1 & 2

∆τ ′ 1 · δτ 1 · δτ 2 · δτ
∆τ ′′ 0.03 · δτ 0.30 · δτ 0.08 · δτ
∆ϕ 39.92◦ −17.56◦ 141.14◦

∆α 0.9986 0.9983 0.9984

Between
sub-band 2 & 3

∆τ ′ 1 · δτ 1 · δτ 1 · δτ
∆τ ′′ 0.18 · δτ 0.34 · δτ 0.03 · δτ
∆ϕ −74.83◦ −146.60◦ −117.77◦

∆α 0.9995 0.9999 1.0002

1: δτ = 1/122.88 µs
2: Repetition (Rep.)

relatively small. The estimated magnitude offsets in the linear
scale are ∆α = 0.9986 between “sub-band 1” and “sub-band
2” and ∆α = 0.9995 between “sub-band 2” and “sub-band
3”, which indicates the magnitude offsets between the adjacent
sub-bands are almost negligible.

A summary of the estimated delay, initial phase, and
magnitude offsets for all three repetitions of the B3 case of
Series #1 is given in Table III. We can see that the estimated
delay offsets (∆τ ′ and ∆τ ′′) for all three repetitions remain
relatively small, i.e., within two delay resolutions. Besides, an
interesting observation is that the estimated initial phase offset
∆ϕ changes over the repetitions under the condition that the
signal generator and the VSA were locked to the same 10 MHz
reference frequency during the measurement, which indicates
that the impairment correction is probably needed every time
a new band-stitching measurement is conducted.
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Fig. 8. (top) The real part and (bottom) the imaginary part of the golden I/Q
data and that of the B1 and B3 cases, respectively. A 1-µs segment is shown.

C. Stitched I/Q data in the time and frequency domain

From the EVM evaluation point of view, it is specified in
the standard [16] that the EVM is evaluated over a complete
1-frame signal from its frame head. Therefore, we stitch the
I/Q data for a 2-frame duration to ensure that there exists
at least one complete frame of the signal within the stitched
duration. Moreover, we generate a frame of the golden I/Q data
for the considered “NR-FR1-TM3.1a-FDD-100MHz-30kHz”
signal according to the standard [16], [18].

Both the I/Q data of the B1 and B3 cases are time and
power aligned to the golden I/Q data, and a segment of 1-µs
duration of the aligned I/Q data is shown in Fig. 8 in terms
of the real and the imaginary part, respectively. No significant
differences among the three data sets are seen.

The I/Q data are further compared in the frequency domain,
which is more important for OFDM signals, as shown in Fig. 9.
Within the center 100 MHz channel bandwidth, both the B1
and B3 cases have a good match to the golden I/Q data, except
for the frequency range around 40 MHz. Since the deviation
happened in both the B1 and the B3 cases in the same way,
it is probably caused by the signal generator that the original
RF signal itself is slightly distorted in that frequency range.

The normalized root-mean-square error (NRMSE) is further
calculated to quantitatively measure the deviation from the B1
and B3 cases to the golden data, respectively, within the center
100 MHz channel bandwidth. The NRMSE is defined as

NRMSE(a) =

√
mean

(
|a(f)− b(f)|2

)
√

mean
(
|b(f)|2

) × 100%, (10)

where a(f) denotes the measured I/Q data in the frequency
domain, and b(f) denotes the golden I/Q data in the frequency
domain. The mean(·) is evaluated over the frequency samples
within the center 100 MHz signal bandwidth. The resultant
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Fig. 9. The frequency-domain counterpart of the golden I/Q data and that of
the B1 and B3 cases, respectively, (top) over the full 122.88 MHz band and
(bottom) that zoomed to the frequency range around 40 MHz where a slight
deviation is observed.

TABLE IV
NRMSE OF ALL MEASUREMENTS WITH RESPECT TO THE GOLDEN DATA

Rep. #1 Rep. #2 Rep. #3

Series #1

B1 3.23% 3.30% 3.26%

B2 3.60% 3.59% 3.60%

B3 3.78% 3.73% 3.74%

B4 4.24% 4.25% 4.29%

Series #2

B1 2.06% 2.02% 2.05%

B2 1.96% 2.15% 1.99%

B3 2.47% 2.39% 2.53%

B4 1.92% 1.96% 2.02%

1: Repetition (Rep.)

NRMSE for the B1 case and the B3 case is 3.32% and 3.78%,
respectively.

A summary of the resultant NRMSE for all measurements
is given in Table IV. We can see that the NRMSEs are
stable across the three repetitions. Taking the values of the
B1 case, i.e., the conventional full-bandwidth measurement, as
the reference, the B4 case results in the largest difference of
about 1% for Series #1, and the B3 case results in the largest
difference of about 0.5% for Series #2.

D. Demodulation and EVM

An in-house demodulation and EVM evaluation algorithm is
implemented according to the standard [16]. Given the known
golden data, the frame head is found and the carrier recovery
is conducted. Given the known frame structure, the symbols
are further demodulated. Moreover, equalization is performed
with respect to the demodulation reference signal (DMRS)
symbols. Lastly, the EVM is calculated for each slot within
the frame over the symbols in the physical downlink shared
channel (PDSCH).

The constellation of the demodulated symbols of the first
slot in the PDSCH channel is shown in Fig. 10 for the golden

Fig. 10. The constellation of the demodulated symbols of the first slot in
the PDSCH channel for the golden I/Q data and that of the B1 and B3 cases,
respectively. The averaged EVM of the whole frame is 1.31% for the B1 case
and 0.97% for the B3 case.

TABLE V
AVERAGED EVM OF ALL MEASUREMENTS WITH RESPECT TO THE GOLDEN

DATA

Rep. #1 Rep. #2 Rep. #3

Series #1

B1 1.31% 1.31% 1.30%

B2 0.97% 0.98% 0.97%

B3 0.97% 0.97% 0.96%

B4 0.96% 0.96% 0.96%

Series #2

B1 1.09% 1.09% 1.11%

B2 1.00% 1.02% 1.01%

B3 1.01% 1.02% 1.01%

B4 1.00% 1.02% 1.01%

1: Repetition (Rep.)

I/Q data and that of the B1 and B3 cases, respectively. The root-
mean-square averaged EVM is calculated over the individual
EVMs of the 20 slots within the frame to represent the EVM
of the whole frame. The resultant averaged EVM for the B1
and B3 cases are 1.31% and 0.97%, respectively.

A summary of the resultant averaged EVM for all measure-
ments is given in Table V. We can see that the averaged EMV
are stable across the three repetitions. Taking the values of the
B1 case, i.e., the conventional full-bandwidth measurement,
as the reference, all the band-stitched results (from B2 to B4)
seem to be lower than the reference values by about 0.3%
in Series #1, whereas no significant differences between the
band-stitched results and the reference values are seen in Series
#2.

The power spectrum density of the I/Q data is calculated
with the Welch method [19] for all band-stitching cases and
measurement series as shown in Fig. 11. A difference of about
2 dB in the noise power density is seen between the full-
bandwidth B1 case and the stitched B2-B4 cases in Series #1,
whereas no significant difference is seen in Series #2. The
difference in the resultant averaged EVM is likely caused by
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Fig. 11. The power spectrum density of all band-stitching cases and
measurement series around −50 MHz frequency where the transition between
the signal and noise occurs. A difference of about 2 dB in the noise density
is seen between the full-bandwidth B1 cases and the stitched B2-B4 cases in
Series #1, whereas no significant difference is seen for all cases in Series #2.

the change of signal-to-noise ratio in Series #1.
From a separate stand-alone noise measurement of the VSA,

we find the VSA might switch its internal sampling paths
depending on the configured sampling rate with 100 MHz as
a threshold, above which the noise power density increases
by about 2 dB. This difference coincides with the observation
in Series #1 of Fig. 11. As for Series #2, the effect of the
change of noise power density from different sampling rates
is obscured by the extra noise from the external mixers.

Lastly, the effect of the two-step delay correction method
is shown in Fig. 12 and Fig. 13 in terms of the NRMSE and
the averaged EVM, respectively. Three cases are compared,
namely without delay correction, with initial delay correction,
and with refined delay correction. The first case is equivalent to
timing alignment only with common trigger signals, and zero
delay offset is applied to the raw sub-band I/Q data before the
stitching. The second case is equivalent to timing alignment
with both the triggering and the cross-correlation, and the
estimated initial delay offset is applied before the stitching. In
the third case, both the estimated initial and refined delay offset
is applied before the stitching. Note that the initial phase and
magnitude offset correction are always conducted in all three
cases under their respective delay offset conditions. Therefore,
the only variable among the three cases is the delay offset to
be corrected.

The statistics are computed from the three repetitions for
each case, and presented in the box plot. The central mark of
the box denotes the median, and the top and bottom edges of
the box denote the 75th and 25th percentiles, respectively. The
tips of the top and the bottom whiskers indicate the maximum
and minimum values, respectively.

For the NRMSE in Fig. 12, within each band-stitching case
(B2, B3, or B4), the spread of the boxes, i.e., the difference
between the maximum and the minimum, decreases as the
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Fig. 12. The effect of the two-step delay correction method in the NRMSE for
all band-stitching cases and measurement series. The central mark of the box
denotes the median, and the top and bottom edges of the box denote the 75th
and 25th percentiles, respectively. The tips of the top and the bottom whiskers
indicate the maximum and minimum values, respectively. The statistics are
derived from the three repetitions.
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Fig. 13. The effect of the two-step delay correction method in the averaged
EVM for all band-stitching cases and measurement series. The central mark
of the box denotes the median, and the top and bottom edges of the box
denote the 75th and 25th percentiles, respectively. The tips of the top and
the bottom whiskers indicate the maximum and minimum values, respectively.
The statistics are derived from the three repetitions.

initial and refined delay correction are conducted, and the level
of the box converges to that of the B1 case. It is also worth
mentioning that, in the case of the “without delay correction”
(blue boxes), the spread of the box increases with the number of
sub-bands that are stitched (from B2 to B4). This is reasonable
since the more sub-bands to be stitched, the more impairments
are left untreated in this case. A similar behavior is seen for
the averaged EVM in Fig. 13.
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V. CONCLUSION

In this paper, we discussed how to use band-stitching for
wideband vector measurements with VSAs of insufficient
analysis bandwidth. We proposed a two-step delay estimation
method to correct the timing impairment between adjacent
sub-bands in post-processing based on the recorded sub-band
data. The method was assessed with two series of validation
measurements for the sequential setup at 1 GHz and 28 GHz
center frequencies, respectively. The results from three band-
stitching scenarios, i.e., two-band stitching, three-band stitching,
and four-band stitching, were compared in terms of the NRMSE
and the averaged EVM. Excellent consistency between the
stitched I/Q data and the reference I/Q data has been seen,
which indicates the proposed sub-band impairment estimation
method works well. Moreover, the significance of conducting
the second refined delay correction has also been demonstrated
by comparing the resultant NRMSE and averaged EVM to that
of the state-of-the-art methods, i.e., timing alignment through
common trigger signals and through the cross-correlation.

The band-stitching process with the proposed sub-band
correction method allows for measurement of signals of wider
bandwidth than the intrinsic analysis bandwidth of VSAs.
Potential applications may include ultra-wideband signals,
THz communication, spectral leakage measurement of power
amplifiers, etc. The whole process can be implemented with
software defined radios as well with a high flexibility.

Compared to the traditional vector measurement with a single
VSA where all measures are reported at once without much user
intervention, additional computational complexity is introduced
in the post-processing for sub-band correction in exchange of
the effectively extended analysis bandwidth. In future work,
an extensive measurement uncertainty analysis needs to be
investigated to quantify more thoroughly the accuracy of the
whole measurement process for, e.g., various types of test
signals and a larger number of stitched bands.
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