
Abstract—In recent work on channel sounding, we proposed 

switching the antennas of phased arrays and beamforming in 

postprocessing – what we coined switched beamforming – instead 

of scanning beams through analog beamforming – what the 

arrays are designed for. Not only is switched beamforming 

orders of magnitude quicker than analog beamforming, it also 

synthesizes beam patterns that are quasi-ideal. In the same 

work, we proposed predistortion filtering to calibrate the 

channel sounder by designing a separate filter for each of the 

switched antennas. It was later found that the design neglects 

the mutual leakage between the antennas on the printed circuit 

board. In this paper, we propose an improved design that 

considers all antennas collectively to account for the leakage. 

Not only does it increase the peak-to-sidelobe ratio of the 

channel impulse response by up to 21 dB, the response is also 

stable across the range of beamformed angles. 
 

Index Terms—5G, 28.5 GHz, calibration, channel sounder, 

channel sounding, millimeter-wave, mmWave, propagation. 

I. INTRODUCTION 

NextG wireless systems [1] will exploit swaths of available 

bandwidth in the millimeter-wave and sub-terahertz regimes 

to deliver gigabits/s data rates, but to combat the greater 

pathloss in those regimes and the greater noise inherent to 

gigahertz bandwidths, directional antennas – by virtue of their 

high gain – will be employed to boost the received power [2]-

[5]. For the same reasons, NextG channel sounders will 

employ directional antennas. Phased arrays [6]-[10] are the 

antennas of choice thanks to their electronic steerability to 

quickly scan beams in angle and their flexibility to shape the 

beam pattern for enhanced sidelobe suppression.  

Phased-array antennas are designed for analog 

beamforming, i.e. programming the (complex) analog 

weights of the antennas by controlling the amplifiers and 

phase shifters on the printed circuit board to synthesize 

electronic beams. Analog beamforming, however, has two 

major drawbacks: 1. Scanning the beam involves 

reprogramming the analog weights at each steer angle, which 

is time consuming; 2. The analog weights have finite 

precision, limiting the shape of the beam pattern synthesized, 

and moreover the ability to compensate for the hardware 

imperfections of the board through fine weight calibration, 

lending to beams that are asymmetrical, have poor sidelobe 

suppression, double lobes, etc. This in turn degrades 

estimation of the channel properties. 

In recent work, we proposed switched beamforming [11]: 

rather than scanning the beam sequentially through analog 

beamforming, we switch the antennas sequentially and 

beamform in postprocessing by applying digital weights. This 

avoids the time-consuming reprogramming of the analog 

weights and, since the digital weights effectively have infinite 

precision, the beam pattern can be shaped to quasi-ideal. In 

the same work, we proposed calibrating the channel sounder 

through predistortion filtering. A separate filter was designed 

for each of the switched antennas. While significantly 

improving the peak-to-sidelobe ratio of the channel impulse 

response with respect to no filter at all, because the filter was 

designed separately for every antenna, the leakage between 

the antennas on the printed circuit was not accounted for. 

 To account for the leakage between the antennas, in this 

paper we propose an improved design. Rather than designing 

a separate predistortion filter for each of the antennas, the 

design considers all antennas collectively. Not only did it 

increase peak-to-sidelobe ratio by up to 21 dB, it was stable 

across the range of different beamforming angles. The rest of 

paper is developed as follows: Section II describes our 28.5 

GHz phased-array channel sounder and the switched 

beamforming technique. Section III describes our original 

predistortion design, followed by our improved design in 

Section IV. The last section provides guidance for future 

work. 

II. CHANNEL SOUNDING 

In this section, we provide an overview of our 28.5 GHz 

phased-array channel sounder and how switched 

beamforming is implemented. Complete details on both can 

be found in [11]. 
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Figure 1.  28.5 GHz 8 x 8 phased-array antenna printed circuit board. Each 
of the 64 elements features stacked vertically and horizontally polarized 

microstrip antennas with a separate port per polarization. The beams that the 

array synthesizes are steerable in both azimuth and elevation. 
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A. 28.5 GHz Phased-Array Channel Sounder 

Our channel sounder features switchable vertical (V) and 

horizontal (H) polarized directional antennas at the 

transmitter (T), and at the receiver (R) an 8 x 8 phased array 

of stacked V and H microstrip patch antennas on a printed 

circuit board [12]. The R array is shown in Fig. 1, where the 

antennas are spaced roughly at half wavelength at the 28.5 

GHz center frequency of the system. The magnitude and 

phase of each antenna – what we refer to collectively as its 

(complex) analog weight – are independently programmable 

through a serial peripheral interface (SPI), with 8-bit 

magnitude precision and 6-bit phase precision. (The SPI port 

is on the back of the array.) The SPI also features a channel 

select register to toggle each antenna on/off via its DC 

amplifier, to allow for separate antenna calibration. The 

antennas are fed through a Wilkinson power combiner to a 

single shared radio frequency (RF) port per polarization; the 

cross-polarization rejection between the ports is 35 dB. By 

programming the analog weights, the array is designed to 

synthesize an electronically steerable beam that can be 

scanned ±45˚ in azimuth and ±25˚ in elevation. 

An arbitrary waveform generator (AWG) at T generates a 

BPSK-modulated M-ary pseudorandom-noise (PN) code of 

2047 chips (33 dB processing gain) with 0.5 ns chip duration 

(2 GHz bandwidth). The code is generated at an intermediate 

frequency (IF) of 4 GHz, is upconverted to 28.5 GHz through 

an on-board mixer, and switched through the V and H 

antennas sequentially. The complex receiver power at the V 

and H ports of the array is downconverted back to IF, where 

it is sampled directly at a rate of 16 gigasamples/s via a 

digitizer, as opposed to on-the-fly correlation [13]. Finally, 

the sampled signal is correlated with the known PN code in 

postprocessing to generate a complex channel impulse 

response (CIR) 𝑦̂(𝜏) in the delay domain 𝜏. 

B. Switched Beamforming 

Phased-array antennas – including ours – are designed to 

synthesize an electronic beam by coherently phasing the 

antennas through analog beamforming, by programming their 

analog weights through the SPI controller. The beam is 

scanned in angle electronically by reprogramming the 

weights each time. The drawback of beam scanning is that 

programming is time consuming: for our arrays it takes 3.5 

µs to program each antenna, or equivalently 3.5 µs x 64 = 224 

µs to program a beam across all 64 antennas. To obtain the 

best angular estimation possible, it is desirable to scan the 

beam at the finest angle possible, which for our arrays is 1.8˚ 
in azimuth and 1.4˚ in elevation given the 6-bit phase 

precision. This translates to scanning 50 x 36 = 1800 beams 

within the ±45˚ azimuth and ±25˚ elevation field-of-view, 

requiring 224 µs x 1800 = 403.2 ms, much beyond the 

targeted maximum channel sweep duration of a few 

milliseconds [2][14]. 

Instead of beam scanning, we implement antenna 

switching by exploiting the channel select register to switch 

each antenna on one at a time, requiring 3.5 µs each. A single 

code is transmitted per antenna through time multiplexing, 

requiring 3.5 µs x 64 = 224 µs for the total sweep, 1800 times 

faster than beam scanning. Once the antenna responses are 

sampled, beams are synthesized in postprocessing through 

switched beamforming. Critically, the beams can be scanned 

at any angle without changing the channel sweep duration. 

After sampling and correlation, the scan yields the antenna 

response 𝒚̂(𝜏), which is row vector of 64 CIRs.  

As in analog beamforming, switched beamforming is 

implemented by applying complex weights to the array 

antennas – specifically to the antenna responses – to 

synthesize beams in postprocessing. The ideal digital weights 

for steering towards 3D angle 𝜽 = [𝜃 
A 𝜃 

E], where A denotes 

azimuth and E elevation, are stored compactly in the 64-

length row steering vector [15]: 

𝒔(𝜽) = 𝑒𝑗
2𝜋
𝜆

(cos 𝜃 
A⋅cos 𝜃 

E, sin 𝜃 
A⋅cos 𝜃 

E, sin 𝜃 
E )⋅𝑿 

, (1) 

where 𝑿 is a 3 x 64 matrix of the 3D positions of the antennas 

on the board. 

Although the actual steering is implemented through 

digital weights, the analog weights must nevertheless be 

programmed to some nominal values; once programmed, 

they need not be reprogrammed. Their magnitude is set equal 

to the maximum value of the register to maximize the radiated 

power, and their phase is set equal to 0 radians. Given the 

hardware imperfections of the board and the finite precision 

of the analog weights, their actual values will deviate from 

the nominal values across the array. To compensate for this, 

the actual values are reset precisely to the nominal values by 

modifying the digital weights from their ideal values – that is 

– from the ideal steering vector 𝒔(𝜽) in (1) to the calibrated 

steering vector 𝒔̂(𝜽). How this is achieved is beyond the 

scope of this paper but is discussed in detail in [11]. The 

antenna response is then beamformed into a power angle-

delay profile: 

𝑃𝐴𝐷𝑃(𝜽, 𝜏) = |𝒔̂(𝜽) ⋅ 𝒚̂(𝜏)†|
2

, (2) 

where † is the conjugate transpose operator. A power angle-

delay profile for an example measurement in the field is 

shown in Fig. 2. 

While reducing the channel sweep duration by orders of 

magnitude is a significant advantage of switched 

beamforming, the other significant advantage is the accuracy 

 
 

Figure 2.  Power angle-delay profile 𝑃𝐴𝐷𝑃(𝜃A, 𝜃E, 𝜏) for an example 

measurement. 
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that is gained from the effectively infinite precision of digital 

weights compared to the 8-bit magnitude and 6-bit phase 

precision of the analog weights. That is what enables beam 

scanning at any angle, pivotal to the successful 

implementation of super-resolution algorithms  [16]-[21] for 

extracting discrete paths from the power angle-delay profile. 

But where infinite precision matters most is in the fine 

calibration of the digital weights to synthesize quasi-ideal 

beams patterns [11]. 

III. ORIGINAL PREDISTORTION FILTER  

So that the properties of the discrete paths extracted from 

the power angle-delay profile reflect the channel alone – not 

the channel plus the channel sounder – all traces of the 

equipment must be decoupled from the measurements 

through calibration. In early work [22], we implemented 

postdistortion filtering, in which the received response is 

calibrated. Since, we have implemented predistortion 

filtering [11][23]-[25], in which the ideal PN code – the 

probing signal – is calibrated before it is transmitted. The 

latter is preferable because it can be applied at a greater 

signal-to-noise level (at T) to avoid boosting the noise level 

(at R). Once designed, it is the predistorted code that is 

generated by the AWG, not the ideal code (although the ideal 

code is still used for correlation at R). Given the high cross-

polarization rejection of the boards (35 dB), any cross-

polarization leakage is ignored and the filters are designed 

separately for V and H. Our original predistortion filter 

design from [11] is discussed in this section.  

In the conventional back-to-back design method [23], the 

T and R RF front ends are disconnected from the antennas 

and reconnected through a waveguide with known 

attenuation 𝐴; the antennas are calibrated in a separate step. 

The over-the-air (OTA) method [24][25] that we implement 

here is similar, but the whole RF chain – the RF front ends 

plus the antennas on the printed circuit board – is accounted 

for in a single step since the antennas cannot be disconnected. 

The OTA method exploits the line-of-sight (LoS) path 

between the T and R. Specifically, the T and R were placed 

in an anechoic chamber, separated by precisely 3 m, and their 

antennas were pointed towards each other, with the boresight 

of the T antennas aligned with the normal of the R array. 

For simplicity, the predistortion filter design is presented 

in the frequency domain instead of the delay domain, where 

𝒀̂(𝑓) is the Fourier transform of 𝒚̂(𝜏). Rather than generating 

the ideal PN code 𝑝(𝑓), the AWG generates the predistorted 

codes 𝑝(𝑓) ⋅ 𝑾(𝑓) – one for each of the antennas – where 
𝑾(𝑓) is a row vector of 64 filters. The antenna frequency 

response at R can be expressed as 

𝒀̂(𝑓) = 𝑃(𝑓) ⋅ 𝑾(𝑓) ⊙ 𝐻T(𝑓) ⋅ 𝑯(𝑓) ⊙ 𝑯R(𝑓) + 𝑵(𝑓), (3) 

where 𝑃(𝑓) = 𝑝(𝑓) ⋅ 𝑝∗(𝑓) is the output of the correlator, ⊙ 

is the Hadamard multiplication operation, 𝐻T(𝑓) is the 

response of the T RF chain, 𝑯R(𝑓) is the response of the 64 

RF chains, 𝑯(𝑓) is the channel response between the T 

antenna and the R antennas, and 𝑵(𝑓) is the system noise. 

The OTA antenna frequency response follows from (3) as: 

 

𝒀̂OTA(𝑓) =
1

𝑀
∑ 𝒀̂𝑚(𝑓; 𝑯(𝑓) = 𝐴 ⋅ 𝟏)

𝑀

𝑚=1

 

             ≈ 𝑃(𝑓) ⋅ 𝐴 ⋅ 𝐻T(𝑓) ⋅ 𝑾(𝑓) ⊙ 𝑯R(𝑓) 

(4a) 

 

(4b) 

where the channel response 𝑯(𝑓) is simply the free-space 

attenuation 𝐴 of the LoS path given from Friis transmission 

equation at the T-R distance (3 m). (Note that the attenuation 

of the LoS path, deliberately expressed as 𝐴 instead of 𝐴(𝑓), 

is indeed frequency invariant [2][3].) Averaging in (4a) over 

𝑀 samples indexed through 𝑚 is carried out to virtually 

eliminate noise, approximated as 𝑵(𝑓) ≈ 𝟎 in (4b); we used 

𝑀 = 128. 

The design criteria for the predistortion filter is that the 

OTA antenna frequency response be equal to the ideal 

correlation frequency response (multiplied by the free-space 

attenuation), or 

𝒀̂OTA(𝑓) = 𝑃(𝑓) ⋅ 𝐴 ⋅ 𝟏.    (5) 

For convenience, (4b) is rewritten as 

𝒀̂OTA(𝑓) ≈ 𝑾(𝑓) ⊙ 𝒀̂OTA(𝑓; 𝑾(𝑓) = 𝟏). (6) 

By equating (5) and (6), the solution for the predistortion 

filter is given as 

𝑾(𝑓) = 𝑃(𝑓) ⋅ 𝐴 ⋅ 𝟏 ⊘ 𝒀̂OTA(𝑓; 𝑾(𝑓) = 𝟏), (7) 

where ⊘ is the Hadamard division operator. What remains is 

to measure the OTA antenna response with no filter 

𝒀̂OTA(𝑓; 𝑾(𝑓) = 𝟏), i.e. by transmitting the ideal PN code 

and measuring the OTA response from each of the antennas 

individually, by switching them on and off sequentially. Fig. 

3 shows an example OTA response for one of the 64 antennas 

for the original predistortion filter design against the ideal 

response: the frequency response in Fig. 3(a) and the 

equivalent CIR in Fig. 3(b).  

IV. IMPROVED PREDISTORTION FILTER 

The main issue with the original predistortion filter design 

– what we discovered only later – is rooted in inadequate 

isolation between the individual patch antennas on the printed 

circuit board. Although in the design only a single antenna is 

active at once, the remaining 63 inactive antennas 

nevertheless contribute some residual leakage into the 

Wilkinson power combiner [12] leakage which is in turn 

summed at the single RF port (per polarization) shared by all 

antennas. Because the filters are computed separately, the 

design does not account for the residual leakage. The 

improved design described in this section does, indeed 

yielding much better results. 

 In the improved design, all antennas employ the same filter 

and so the frequency response in (3) can be simplified by 

replacing the 64-element row vector 𝑾(𝑓) with a single 

element 𝑊(𝑓): 

 

𝒀̂(𝑓) = 𝑃(𝑓) ⋅ 𝑊(𝑓) ⋅ 𝐻T(𝑓) ⋅ 𝑯(𝑓) ⊙ 𝑯R(𝑓) + 𝑵(𝑓). (8) 
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 Furthermore, the design is not based on the OTA response 

from the individual antennas, but rather on OTA response 

beamformed across all antennas towards the LoS path (𝜽 =
𝟎˚) through the calibrated steering vector 𝒔̂(𝟎˚): 

𝒔̂(𝟎˚) ⋅ 𝒀OTA(𝑓)† =
1

𝑀
∑ 𝒔̂(𝟎˚) ⋅ 𝒀𝑚(𝑓; 𝑯(𝑓) = 𝐴 ⋅ 𝟏)†

𝑀

𝑚=1

 

             ≈ 𝑃(𝑓) ⋅ 𝐴 ⋅ 𝐻T(𝑓) ⋅ 𝑊(𝑓) ⋅ 𝒔̂(𝟎˚) ⋅ 𝑯𝑅(𝑓)† 

 

(9a) 

(9b) 

The new design criteria is that the OTA beamformed 

frequency response be equal to the ideal correlation 

frequency response (multiplied by the free-space 

attenuation), or  

𝒔̂(𝟎˚) ⋅ 𝒀̂OTA(𝑓)† = 𝑃(𝑓) ⋅ 𝐴.    (10) 

Following analogous steps in Section III, (9b) is rewritten as 

𝒔̂(𝟎˚) ⋅ 𝒀̂OTA(𝑓)† ≈ 𝑊(𝑓) ⋅ 𝒔̂(𝟎˚) ⋅ 𝒀̂OTA(𝑓; 𝑊(𝑓) = 1)†. (11) 

Then by equating (10) and (11), the solution for the 

predistortion filter is given as 

𝑊(𝑓) =
𝑃(𝑓) ⋅ 𝐴

𝒔̂(𝟎˚) ⋅ 𝒀̂OTA(𝑓; 𝑊(𝑓) = 1)†
. (12) 

What remains is to measure the OTA beamformed response 

with no filter 𝒔̂(𝟎˚) ⋅ 𝒀̂OTA(𝑓; 𝑊(𝑓) = 1)†, i.e. by 

transmitting the ideal PN code and measuring the OTA 

response from each of the antennas individually, by switching 

them on and off sequentially, and then beamforming them 

into a single response. Fig. 3 also shows the OTA 

beamformed response using the improved predistortion filter 

design. In comparison to the original design, the frequency 

response in Fig. 3(a) is less distorted and much closer to ideal; 

in the CIR in Fig. 3(b), the peak-to-sidelobe ratio is improved 

by 21.0 dB. 

Unfortunately, the filter design is inextricably coupled to 

the angle of LoS path in the OTA method, and so any 

deviation of a path’s angle from 𝜽 = 𝟎˚ will induce a residual 

phase shift – and in turn residual leakage – across the array, 

resulting in spurious sidelobes in the CIR that the filter is 

intended to eliminate. Yet in the field paths may arrive from 

any angle, and so to mitigate leakage, rather than setting the 

nominal phase of the analog weights to 0 radians, as described 

in Section II.B, in the improved design the phases are 

distributed randomly (while maintaining the nominal 

magnitude at maximum). Assuming a path’s angle in the field 

will arrive with a uniform distribution, the phases were in 

kind distributed uniformly across the array antennas (between 

0 and 2𝜋) before designing the filter, minimizing the 

probability that the residual leakage will constructively 

combine into a high-power sidelobe. 

 To substantiate the robustness of the improved filter design 

against different path angles, the OTA setup was modified 

slightly, by placing the array on a 2D mechanical rotator. The 

array was then mechanically rotated every 5˚ across its ±45˚ 
azimuth field-of-view and then electronically steered back to 

alignment with T, effectively varying the azimuth angle 𝜃A 

of the LoS path to mimic paths in the field. Then the OTA 

response was measured using the predistortion filter 

(designed at 0˚ mechanical rotation). Fig. 4 compares the 

variation in the response across 𝜃A for the original and 

improved designs: Fig. 4(a) shows the variation in the CIR’s 

peak-to-sidelobe ratio. While for the improved design, the 

ratio retracts up to 12.0 dB from 43.6 dB at 𝜃A = 0˚, the 

average retraction across angle is only 8.4 dB. Most 

importantly, the ratio is significantly greater for the improved 

design versus the original design, on average 14.6 dB greater 

and up to 21.0 dB greater. Not only is the peak-to-sidelobe 

ratio stable across angle, Fig. 4(b) shows that the peak value 

in the CIR is even more stable. 

V. FUTURE WORK 

This paper discusses predistortion filtering to calibrate for 

the hardware imperfections of phased-array antennas that 

employ switched beamforming for channel sounding. In our  

 
(a) 

 
(b) 

 

Figure 3.  Comparing the calibrated responses of the original and improved predistortion filters versus the ideal responses.  (a) OTA frequency response, 

𝑌̂OTA(𝑓)  (b) OTA channel impulse response (CIR),  𝑦̂OTA(𝜏) 
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original work, a filter was designed separately for each of the 

antennas but consequently – as we realized later – did not 

account for the mutual leakage between the antennas on the 

printed circuit board. The design proposed in this paper does 

account for mutual leakage, improving performance, but 

resolves to a single filter for all antennas. We are currently 

investigating a design that considers all antennas collectively, 

but allows for a separate filter for each antenna, exploiting all 

the degrees of freedom in the design, which should lead to yet 

improved performance.  
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Figure 4.  Comparing the variation in OTA channel impulse response (CIR) between the original and improved predistortion filters versus the ideal response, 

as the beam is steered in azimuth angle away from boresight (𝜃A = 0˚)  (a) Variation in the peak-to-sidelobe of the OTA CIR  (b) Variation of the peak power 

in the OTA CIR (The peak power is normalized to 0 dB at 𝜃A = 0˚ for the original, improved, and ideal CIRs.) 
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