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ABSTRACT: In this paper, a novel technique is proposed to mitigate the so-called blind range on radars that use pulse

compression. It is well known that the blind range is caused by the strong leak through into the receiver during the

transmission cycle. The proposed technique is called progressive pulse compression (PPC) and is based on partial decoding.

PPC uses a portion of the uncontaminated received signal in conjunction with pulse compression to estimate the echoes

from the incomplete signal. The technique does not require the use of a fill pulse or any hardwaremodifications. PPC can be

divided into three steps. The first step is to discard all the received signals during the transmit cycle and apply a smooth taper

for continuous transition from zero to one. The second step is to perform the pulse compression using matched filter.

The combination of these two steps is equivalent to performing pulse compression using a progressively changing template

to partially extract the uncontaminated received signal for compression. The third step is to compensate for the progres-

sively changing template so that proper reflectivity values can be recovered. This technique has been tested on the PX-1000

and will be implemented on PX-10k in the near future. These two radars are designed and operated by theAdvancedRadar

Research Center at the University of Oklahoma and are both X-band software-defined solid-state systems. The results

presented in this paper are collected using the PX-1000 radar.
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1. Introduction

Radar systems are one important tool used in many ap-

plications including the study of severe weather, defense,

and autonomous driving (Doviak and Zrnić 2006b; Balajti

et al. 2012; Hysell 2018a). Due to its portability and low cost,

an increasingly popular radar architecture used in modern

weather applications is one that is based on a solid-state

transmitter (Wada et al. 2009). Researchers at the Advanced

Radar Research Center (ARRC) of theUniversity of Oklahoma

have developed two radar systems using this solid-state

technology.

Solid-state radars typically have a lightweight transmitter,

which reduces the size and cost of the system. However, solid-

state transmitters generally have lower peak power, which

causes the loss of radar sensitivity. To compensate for this

limitation, a long pulse is typically used. On the other hand,

since the range resolution is inversely proportional to the pulse

width, it suffers the loss of range resolution. This is generally

overcome by using a technique called pulse compression,

which requires the modulation of the pulse, either in fre-

quency, which can be a linear frequency modulation (LFM)

or a nonlinear frequency modulation (NLFM) (Keeler and

Hwang 1995; De Witte and Griffiths 2004; Kurdzo et al. 2014),

phase, etc. The range resolution of a pulse compression system

is proportional to the bandwidth of the waveform (Keeler and

Hwang 1995; Mudukutore et al. 1998; Skolnik 2001b; Doviak

and Zrnić 2006a). The success of a solid-state radar hinges

upon the performance of its pulse compression waveforms.

Moreover, the popularity of solid-state radars has driven in-

terest over pulse compression in the weather radar field,

making this solution even more useful.

In the atmospheric science community, pulse compression

has been studied and applied to weather radars since the 1990s

(e.g., Keeler andHwang 1995; Mudukutore et al. 1998; O’Hora

and Bech 2007; George et al. 2008; Pang et al. 2015; Torres

et al. 2017; Hysell 2018b). For convenience, in this work, the

existing pulse compression process will be called legacy pulse

compression (LPC).

On solid-state radar systems, the use of a long transmitted

waveform introduces the so-called blind range, which is a well-

documented problem through the literature in weather radars

(O’Hora and Bech 2007; George et al. 2008, 2010; Bharadwaj

and Chandrasekar 2012; Cheong et al. 2013; Nguyen and

Chandrasekar 2014; Kurdzo et al. 2014). In general, blind range

is a portion of the received data that is obscured due to leakage

(i.e., leak through) from the long transmit waveform to the

receiver. The obscured portion, or blind range Rb, can be

several kilometers long, and it is directly proportional to the

pulse width, as described by Eq. (1):

R
b
5
ct

2
, (1)

where c is the speed of light (m s21) and t is the pulse width (s).

It is clear that a longer pulse result in a longer blind range.
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For example, the PX-1000 transmits a waveform with a pulse

width of 69ms (time–frequency multiplex of a 67-ms long pulse

and a 2-ms fill pulse), as described in Cheong et al. (2013), and

has a blind range of approximately 10 km.

When the radar is transmitting, it is usually not possible to

receive useful data. There are some exceptions in which the

transmitted signal is intentionally sampled (through a separate

channel) to measure both peak power and instantaneous phase

at the peak point, the so-called burst pulse. Transmitter and

receiver chains in radars are usually separated and isolated

within the hardware using a switch or circulator. However,

hardware devices do not provide perfect isolation, and a high-

power copy of the transmitted waveform gets leaked (coupled)

into the receiver causing what is termed a leak through. This

leak through causes the blind range as the leak through over-

powers the received signals from the atmosphere and, thus, the

radar is overwhelmed by the leaked energy, effectively satu-

rating the receiver. Therefore, weather signals inside this re-

gion are obscured. As explained before, blind range is a

problem for solid-state radars because it can span up to tens of

kilometers, limiting the quantity of useful data that the radar

can provide.

Various solutions have been investigated to recover the

data from the blind range. Proposed by Bharadwaj and

Chandrasekar (2012), one such option is the use of multiple

frequency bands and pulse lengths in which the pulses are

transmitted successively. Another method uses a second pulse

that is time–frequency multiplexed with the long pulse, docu-

mented in Cheong et al. (2013). Finally, the use of multiple

pulses separated in frequency and time has also been sug-

gested, presented by George et al. (2010). The downside of

these methods is the additional bandwidth to accommodate

the extra pulses. Also, the extra pulses used in these methods

are shorter, resulting in a lower integrated power and an

abrupt change in radar sensitivity between the blind range

and visible range.

The progressive pulse compression (PPC) technique pro-

posed in this paper recovers the blind range and requires no fill

pulses. It uses the residual signals that are not contaminated by

the leak through. This technique first eliminates the leak

through and replaces it with zeroes; this does not eliminate the

entirety of the echoes from obscured targets inside the blind

range but only a portion of them. Since the uncompressed pulse

is so long, even when a portion of it is covered by the leak

through, a tail portion extends outside of this blind range and

the return is uncontaminated. This tail portion is used to esti-

mate the target signals within the blind range. Of course, be-

cause of the partial return, a proper calibration must be

applied.

The main advantage of the PPC is that no additional band-

width is required. In addition, compared to the previously

proposed methods, since a single long pulse is used, the sen-

sitivity is higher inside the blind range. The PPC is, in general,

less expensive, in both bandwidth and computational require-

ments, to implement.

The rest of this paper is structured in two main sections.

Section 2 describes the methodology. Section 3 details how

capable this technique is in uncovering obscured data inside

the blind range. Results from both simulated and actual data

gathered from the PX-1000 radar system will be presented.

2. Methodology

a. Algorithm description

The PPC technique is intended for blind rangemitigation for

solid-state radars but is applicable to other types of radars that

transmit FM pulses for pulse compression. Partial decoding

and pulse compression methods are employed where the data

from different temporal samples are coherently integrated

into a single sample using pulse compression. Even if some

data are lost or altered due to the leak through, pulse com-

pression allows recovery of the blind range using remaining

data that have not been altered.

The algorithm can be divided into three steps. First it is

necessary to eliminate the leak through from the transmission

into the receiver and then partially decode and compress the

residual tail of the received signal. Finally, it is calibrated to

correctly estimate the signal power or target reflectivity. This is

necessary since only a portion of the received signal is used for

compression. A flowchart of the PPC technique is shown

in Fig. 1.

Partial decoding has been attempted using noiselike wave-

forms, studied in Pralon et al. (2012), but only simulated results

were reported. A drawback of that technique is that it does not

account for the leak through, a problem common in radars due

to hardware limitations. Also, the work does not offer a cali-

bration solution to deal with the gain problem caused on the

compressed received signal. This paper will present experi-

mental results from a real radar system, that is, the PX-1000.

1) LEAK THROUGH ELIMINATION AND PARTIAL

DECODING

From Fig. 2, it can be observed that the received echoes,

which are compressed to obtain point targets, have the same

width as the transmit signal. If a target is located inside the

blind range, regular implementations render it unusable be-

cause the leak through from transmission will mask the desired

signal. This can be seen in the conventional method column.

In there, signals received by the radar system are added,

producing a composite signal, which includes the leak through

and the echoes from the targets; see the yellow line in the

conventional method. However, saturation is part of the

equation, and it caps the maximum power that the radar can

receive (saturation level); see the pink line in the conventional

method. As a consequence, the leak through saturates the re-

ceived signal inside the blind range, and the contribution from

targets there is now obscured.

Nonetheless, since the signal received from each target is

long, there is a portion free from this contamination, and not

affected by the saturation (see the pink line in the new method

column in Fig. 2). Then, in reality, if the target is located inside

the blind range, the transmission leak through only masks a

portion of the return echo, leaving a tail portion free from the

leak-through contamination. Data from the tail portion can be

used to recover the obscured but desired target.
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The principle behind partial decoding is using uncontami-

nated data from the tail portion of the uncompressed received

signal to predict the target. To achieve this goal, only tail portion

data are used for compression and are processed ignoring the

data from the other portion of the signal; thus, the term partial

decodingwas chosen. For example, assuming a 10-km pulse, the

blind range is also approximately 10km. If a target is located at

3 km, the signal return from the target is observed at 3 km.

However, since the pulse is 10km long, the tail of the return is

observed at 13km. Strong leak through obscures the first 10km,

but not the last 3 km of the return from the target. This 3-km tail

portion will be used for estimating the target.

To correctly partially decode the uncontaminated tail por-

tion, the contaminated part must be eliminated; this is ac-

complished by replacing all of the samples from that portion of

the receive signal with zeroes in the algorithm. Additional ta-

pering is applied to have a smooth transition. Figure 3 illus-

trates this process. To generate the window function shown in

Fig. 3, which will be multiplied with the returned signal from

each pulse, it is necessary to start this function with zeroes, for

as many samples as the transmit pulse, then the following

samples will gradually ramp up from zero to one. This number

of samples can be defined by the user as a small percentage of

the pulse width. Finally, the remaining samples of the window

function will be all ones.

Matched filter equation, shown in Eq. (2), is used to

compress the received signal (Skolnik 2001a; Levanon and

Mozeson 2004):

y(n)5�
t

x(t1 n)x
t
*(t) , (2)

where y(n) is the compressed signal, x(n) is the received signal,

xt(n) is the matched filter (template), the asterisk (*) is the

complex conjugate operator, and n corresponds to the sample

index in the range. As explained before, the received signal is

multiplied by a window function w(n) in order to eliminate

leakage from transmission. The new received signal is ex-

pressed in Eq. (3):

x0(n)5w(n)x(n) . (3)

This modified received signal results in a different com-

pressed signal y0(n), or partial decoding, which is expressed

in Eq. (4):

y0(n)5�
t

x0(t1 n)x
t
*(t) . (4)

This new compressed received signal is called a progressive

compressed signal. The leak through is eliminated. Because of

using the residual tail of the received signals for compression,

FIG. 1. Flowchart of the PPC technique. Key differences from the PPC include the use of a

window function to zero out the leak through from transmission, the partial decoding, and the

use of a new calibration factor to estimate the reflectivity inside the blind range.
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the progressive compressed signal needs to be compensated

differently for reflectivity estimation.

2) CALIBRATION

As mentioned earlier, it is necessary to calculate a calibration

or compensating factor to properly estimate the reflectivity

values inside the blind range. Note that the tail uncontami-

nated portion is a function of range. For example, using a

10-km transmit pulse, with two targets located at 5 and 8 km,

both of which are inside the blind range, the end of the return

signals from each target will be at 15 and 18 km, respectively.

After the windowing process, the uncontaminated remaining

FIG. 2. The principle of partial decoding. (left) The target inside the blind range becomes obscured by strong leak

through when processed using the conventional method (LPC). (right) When PPC is applied, the target can be

correctly estimated, as is shown on the new method (PPC) plot.

FIG. 3. Depiction of the zeroing-out process. An illustration of the window function used to

eliminate leak through, where zeroes replace these samples with a gradual transition to one

after leak through.
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portions are 5 km (10–15 km) and 8 km (10–18 km) from these

two targets (pulse compression has only this many signals from

each target). Therefore, after pulse compression, it is necessary

to calibrate for the 50% and 80% signal availability of these

two targets, respectively, for reflectivity estimation. The cal-

culation of the calibration factor is described as follows.

Knowing the transmitted waveform, the window, and the

position in range, a scaling factor can be calculated and used to

calibrate the targets. Then, the target reflectivity at each range

can be estimated. From Eq. (4), the compressed signal y0(n)
contains just a portion of the received signal, and the required

y(n) is the compressed signal if there is no leak through and no

blind range. It is not possible to obtain the y(n) desired, but it

can be estimated by multiplying a scaling factor, denoted as

s(n), to y0(n). The estimated compressed signal is named ye(n):

y
e
(n)5 s(n)y0(n) , (5)

y
e
(n)5 s(n)�

t

x0(t1 n)x
t
*(t) . (6)

From Eqs. (5) and (6), the scaling factor s(n) can be derived

and is shown in Eq. (7):

s(n)5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�
i

jx
t
(i)j2

�
i

jw(i)x
t
(i)j2

vuuuut . (7)

Then, the new scaled and compressed output represents the

estimated fully compressed received signal in the blind range

free from leak through. This new scaled and compressed signal

is used for radar product calculations (e.g., reflectivity factor,

radial velocity), and represents the last step of this PPC algo-

rithm. From here, the radar product calculation is done using

standard implementations.

On the downside, there are some trade-offs of using just the

tail portion to estimate the received signals inside blind range,

such as a loss in range resolution, a shift in the mainlobe, and a

decrease in sensitivity as the range is closer to the radar. In the

following sections, a more in-depth performance analysis and

the advantages and disadvantages of the PPC technique will be

discussed.

b. Sensitivity analysis

One of the primary advantages of the proposed technique

over other methods (e.g., George et al. 2010; Bharadwaj and

Chandrasekar 2012; Cheong et al. 2013) is the sensitivity gain

inside the blind range. To define sensitivity, radar reflectivity

factor (Z) will first be defined. Equation (8) defines Z (Doviak

and Zrnić 2006c):

Z5
P

r
210 ln(2)l2r20l

2l
r

p3P
t
g2g

s
u2ctjK

w
j2 , (8)

where Pr is the power returned to the radar (W), l is the

wavelength (m), r0 is the range from the radar to the target (m),

l and lr are the loss factors (unitless), Pt is the peak power

transmitted (W) from the radar, g and gs are gain factors

(unitless), u is the beamwidth (rad), c is the speed of light

(m s21), t is the pulse width (s), andKw is the complex dieletric

factor of water (unitless).

Radar sensitivity is the minimum reflectivity factor (Zmin)

at a given range r that corresponds to the minimum detectable

radar signal. A common conception is that the lower the value

of Zmin achievable, the better the sensitivity of the radar. To

obtain this Zmin, it is assumed that the received power is about

the same as the power from the noise floor, which for PX-1000

is about 2110 dBm. Then, in order to mathematically explain

the sensitivity values, the radar reflectivity factor in Eq. (8) is

used, assuming the received power Pr is the same as the noise

floor, and Z is the sensitivity value Zmin.

The value of Zmin changes as a function of t: Zmin is

inversely proportional to t, so the larger t gets, the lower

Zmin becomes, increasing the sensitivity of the radar. Some

techniques to mitigate the blind range use different t values

for the visible and blind ranges (e.g., George et al. 2010;

Bharadwaj and Chandrasekar 2012; Cheong et al. 2013),

since they transmit long and fill pulses. As a consequence,

there is jump in radar sensitivity between the blind and

visible ranges.

When PPC is implemented, the situation becomes slightly

more complex, especially inside the blind range. Even though

t is constant during transmit, inside the blind range during

receive, however, it is a function of range t(r). This is caused by

the windowing process, which effectively reduces the length of

t that is left for each range bin (remaining tail portion). The

effective pulse width t(r) starts at zero, linearly becomes larger

as the range increases away from the radar and, eventually,

t(r) 5 t beyond the blind range (r $ Rb).

Then, for PPC, Zmin is now also inversely proportional to

t(r), and it gradually increases as the range gets closer to

the radar:

Z
min

5
P

r
(r)210 ln(2)l2r20l

2l
r

p3P
t
g2g

s
u2ct(r)jK

w
j2 . (9)

To illustrate this phenomenon, a software routine to com-

pute radar sensitivity according to Eq. (9) for different radar

parameters and blind range mitigation techniques has been

developed.

The PX-1000 has a 200-W transmitter on each polarization

and its radar parameters (Pr, Pt, l, etc.) and a 67-ms optimized

frequency modulation (OFM) waveform (Kurdzo et al. 2014;

Kurdzo 2015) are used as the baseline. For theOFMwaveform,

its baseband representation, frequency function, and ambigu-

ity function are shown in Fig. 4. The radar sensitivity profiles

using the time–frequency multiplexing (TFM), LPC, and PPC

techniques are shown in Fig. 5. The TFM radar sensitivity is

indicated by the yellow line. The abrupt change between the

blind range and visible range is obvious, since they use differ-

ent waveforms with pulse widths of 2 and 67ms, respectively.

The PPC sensitivity curve with a 67-ms pulse width, shown in

red, has a continuous transition from the blind range to the

visible range. The green line is from a radar using a 5-kW

transmitter and a 0.5-ms pulse width, similar to the magnetron-

based Collaborative Adaptive Sensing of the Atmosphere

(CASA) Integrated Project 1 (IP1) (Junyent et al. 2010).
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The black dashed line indicates a hypothetical radar sensitivity

of a 67-ms pulse configuration with no blind range.

The PPC technique provides comparable sensitivity values

to the CASA-like radar system with a 5-kW transmitter at a

0.5-ms pulse width. The sensitivity profile obtained using the

PPC technique has a more gradual slope inside the blind range.

It is noted here that the PPC technique still has a slightly

poorer performance in sensitivity at close range, compared to

the 5-kW system.

c. Range resolution

Pulse compression increases range resolution and radar

sensitivity. The range resolution can be attributed to the ef-

fective bandwidth of the waveform. Due to the zero-out pro-

cess, the residual partial waveform retains only a portion of the

bandwidth and results in a loss of resolution. In this section, the

performance of PPC in terms of range resolution will be

examined.

Figure 4 shows the transmitted waveform developed for

the PX-1000 (Kurdzo et al. 2014; Kurdzo 2015). Specifically,

the long pulse, which belongs to an NLFM waveform family,

is shown.

Figure 6 (top) shows the impulse response of a few point

targets and illustrates the loss of resolution as the range de-

creases. The loss of resolution can be attributed to the reduc-

tion of effective bandwidth as the portion of the waveform for

compression is reduced as the range decreases. The bandwidth

of the waveform is 2.2MHz and the pulse width is 67ms.

The middle plot of Fig. 6 shows a function that demonstrates

the shift of themainlobe in range. This shift of themainlobe is a

drawback of the PPC technique. It is hypothesized that this

effect is due to the alteration of the modulation that is caused

by the zero-out process. This effect merits an in-depth analysis

and it is worthwhile for a future work.

The bottom plot of Fig. 6 shows the loss of range resolution

as targets get closer to the radar. This loss is specific to PPC and

it is a consequence of the partial decoding process. In the

partial decoding process, parts of the received signal are zeroed

out, using only the uncontaminated tail portion. This tail por-

tion can be understood as a new pulse and came from the

original pulse, which was frequency modulated with a specific

bandwidth to guarantee a good radar resolution; however, the

uncontaminated remaining tail portion only has a fraction of

such bandwidth, which changes as a function of range.

As mentioned before, range resolution is proportional to the

waveform bandwidth; that is, lower bandwidth results in lower

range resolution. If a radar transmits an LFM waveform, the

frequency and bandwidth are linearly distributed throughout

the pulse: a 10% leftover tail means a 10% leftover bandwidth,

which leads to 10% of the original resolution. However, if a

radar transmits an NLFM waveform, like the one in the sim-

ulation and the PX-1000 system, the frequency is nonlinearly

FIG. 4. Waveform used for PPC experiments. An NLFM waveform has been selected, de-

signed, and optimized for the PX-1000 (Kurdzo et al. 2014; Kurdzo 2015). Only the long pulse is

used since the PPC technique requires no fill pulse.
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distributed and, thus, the resolution behavior is more complex

but is evaluated numerical by computing its ambiguity function.

In the same way that the mainlobes on the targets inside the

blind range are affected due to PPC, which was explained in

detail previously, the range sidelobes for those targets are af-

fected as well. Figure 7 presents the ambiguity function for

simulated progressive pulse-compressed targets that are lo-

cated at different range gates inside the blind range, but now

with a larger gain axis range. From Fig. 7, it can be seen that the

sidelobes are not symmetrical for the targets inside the blind

range, and that some range sidelobes for close targets are ex-

tremely small toward the radar and larger away from the radar.

This effect, which is more pronounced for close ranges, will

be a topic of future study.

3. Results

a. Simulation results

A simulation was undertaken to study the potential realistic

performance of a complex transmit waveform. The waveform

FIG. 6. Various waveform behaviors of the PPC technique. (top) The waveform ambiguity

functions at various ranges, where the loss of range resolution from closer targets is easy to see.

In addition, there is also a range shift of the peaks. (middle),(bottom) The shifts of the peaks

and range resolution, respectively, as a function of range.

FIG. 5. Radar sensitivity of different systems. PPC provides a smooth, imperceptible

transition in sensitivity between the blind and visible ranges. In addition, PPC provides better

sensitivity values inside the blind range compared to TFM and has comparable sensitivity

values to radar systems using higher-power transmitters.

SEPTEMBER 2021 AQU INO ET AL . 1605

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 09/29/22 06:40 PM UTC



used is shown in Fig. 4; this waveform is identical to the long

pulse of the one presented by Kurdzo et al. (2014) and Kurdzo

(2015) and identical to the long pulse currently transmitted by

the PX-1000.

Four point targets are simulated. Two are located inside the

blind range with the remaining outside the blind range. The

leak through is simply a power-altered and phased-shifted copy

of the transmitted waveform, similar to the leakage formed in

the PX-1000. Realistic noise level was also added.

Figure 8 shows the simulation setup and return-power pro-

file from the LPC and the PPC techniques. The top panel shows

the target locations. When the received signal is processed

using the LPC, as shown in the middle panel, two targets are

totally obscured. The bottom panel shows results processed

using the PPC, and the two previously obscured targets are now

visible.

To compare the results between the PPC and LPC, the

subplots are divided into two regions, the visible range and the

blind range. In the visible range the results from both LPC and

PPC are identical, targets show the same peak power and the

same resolution, and the noise level is also the same. Recall

that the PPC technique eliminates the uncontaminated signal

using a window function to zero out the returned signal in the

blind range, which only affects the echoes from targets inside

FIG. 7. As in Fig. 6, the ambiguity function is provided for simulated progressive pulse

compressed targets located at different range gates, but with a larger gain axis. As it can

be seen, not only the mainlobe is affected by the range of the target, but also the range

sidelobes.

FIG. 8. Simulation setup and results. (top) Target locations. (middle) Simulation results from

the LPC. (bottom) Simulation results from the PPC. The simulation demonstrates that when

processed using the LPC, the targets inside the blind range are obscured by the leak through.

By contrast, when using the PPC over the same samples, the targets are visible.
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the blind range. The pulse width of this simulation is 10 km,

which means that the blind range is also 10 km. The target at

11 km produces a received echo that spans the range in be-

tween 11 and 21 km. Consequently, the contamination does not

affect this target and the windowing process has no effects on

this target. So, partial decoding at this range is exactly the same

as the LPC and TFM and every range gate outside the blind

range. This is why LPC and PPC have the same results and

performance outside the blind range.

On the other hand, inside the blind range, LPC suffers from

strong leak through, which obscures everything. In contrast,

PPC can correctly estimate the two targets. The loss in range

resolution is apparent. As explained earlier, range resolution is

lower closer to the radar as the leftover tail portion is shorter.

This effect is manifested into wider targets being produced

closer to the radar. In addition, the mainlobe peak is slightly

shifted. With a proper PPC calibration, the correct reflectivity

can be estimated as expected.

b. Experimental results: PPC versus TFM

The PPC technique has been implemented on the PX-1000

radar system. Figures 9 and 10 show radar products calculated

using the PX-1000 data. The radar products SNR, reflectivity

factor, radial velocity (presented in Fig. 9), and differential

reflectivity, differential phase (PhiDP), and correlation co-

efficient (RhoHV) (presented in Fig. 10) were processed us-

ing TFM and PPC from a dataset gathered at 2233 UTC

14 September 2014. The dataset used to process results in

Figs. 9 and 10 was chosen because it is an example that clearly

shows the improvements in radar sensitivity of the PPC

technique over the TFM, thanks to the presence of weather

inside the blind range.

In the visible range (i.e., outside the blind range), results

from both PPC and TFM are identical as expected. Both

techniques share the same input data and matched filter. The

real-time software of the PX-1000 has been updated to use the

PPC and no longer transmit the fill pulse of the TFM. (The real-

data imagery is available through a web portal at https://

arrc.ou.edu/px1000/).

Without using a fill pulse like the TFM method, there is no

abrupt change in sensitivity between the blind range and the

visible range, which is noticeable in the TFM reflectivity factor

subplot in Fig. 9. This jump in sensitivity impacts all radar

products. The PPC has a continuous transition in sensitivity

between the blind range and visible range. The loss in sen-

sitivity is gradual but the loss in range resolution is more

noticeable closer to the radar. Because of the sensitivity

improvement, more weather signals can be observed inside

the blind range, especially at the northern portion of the PPI

plot, approximately 8-km range. Besides the reflectivity, all

other radar products also exhibit similar sensitivity im-

provement and spatial continuity.

Figure 11 shows the minimum detectable reflectivity factor

(Zmin) values from the TFM and the PPC techniques as a

function of range from the dataset gathered at 2233 UTC

14 September 2014. Minimum Z value corresponds to the

minimum radar reflectivity factor from all radials, in every

sample point in range. This is one way to estimate the radar

sensitivity. Experimental results from the estimated radar

sensitivity values overlap almost perfectly with the sensi-

tivity values obtained from simulation. This indicates that

sensitivity is indeed higher inside the blind range using the

PPC technique compared to the TFM technique. This can be

attributed to the increase in available (leftover) pulse width

t(r) as r increases, indicated by Eq. (9). Compared to the

TFM technique, which uses a fill pulse of a fixed width of

2 ms, the radar sensitivity of the PPC technique is higher

where r $ 2 km.

4. Discussion and conclusions

Over the years, different radar technologies have been

developed to overcome different hardware limitations. Solid-

state radars need to transmit a long pulse and use pulse

compression to overcome the low peak power of solid-state

transmitters and achieve the desired radar sensitivity and range

resolution. It has been commonly recognized that a negative

effect of using long pulse is the blind range, which is a result

of leak through overpowering the signals of interest. The

blind range is directly proportional to the pulse width. For

example, a 67-ms results in a 10-km blind range, which means

that the first 10 km of data are obscured.

In the literature, different implementations have been pro-

posed to solve the bind range limitation (e.g., George et al.

2010; Bharadwaj and Chandrasekar 2012; Cheong et al. 2013)

and they all share a commonmethod of using additional pulses,

referred to as the fill pulses, that are transmitted successively.

The use of fill pulses, usually shorter and have different fre-

quencies, has a few drawbacks. It requires more computational

time to process for those fill pulses. The system also requires

more bandwidth to accommodate the fill pulses at different

frequencies, which is an expensive resource.More importantly,

since the fill pulses are generally shorter and are used to pro-

cess for data inside the blind range, the achievable sensitivity is

lower, and inadvertently introduced an abrupt change (or

multiple abrupt changes from multiple fill pulses) in sensitivity

across the transition range.

On the other hand, the PPC takes advantage of the long

pulse, which produces long echoes. Thanks to that, even the

leak through from the transmission only obscures a portion of

the received signals. In general, the received echoes inside the

blind range are not completely obscured. An uncontaminated

portion is still available and can be used to correctly estimate

the target reflectivity.

The PPC technique can be divided into three steps. The first

step is the elimination of the leak through by multiplying the

raw received signal by a window function that gradually ramps

from zero to one near the visible range, the second step is

same as conventional pulse compression, and the third step is

a new reflectivity correction that compensates for the partial

returned signals. The combination of first and second steps is

an equivalence of using different matched filters (templates)

at different range in pulse compression to extract the un-

contaminated echoes. A windowing process is simpler and

allows for the subsequent pulse compression process to use

the existing implementation. The PPC technique requires no
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hardware modification and, thus, can be applied to many

systems as a software update.

Themain advantage of thePPC techniques is an increase in the

radar sensitivity inside the (old) blind range. Radar sensitivity, as

explained before, is proportional to the pulse width t. Different

from using fill pulses, the PPC uses the uncontaminated tail

portion of the returned pulse. Therefore, the pulse width t of the

(new) uncontaminated received pulse gradually increases as the

FIG. 9. (left) Products processed using TFM: (a) SNR, (c) reflectivity factor, and (e) radial velocity. (right)

Products processed using PPC: (b) SNR, (d) reflectivity factor, and (f) radial velocity. In these plots it is shown that

radar sensitivity is higher inside the blind range on PPC and that the discontinuity in sensitivity has been eliminated.

Consequently, PPC results show more information inside the blind range than TFM results.
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range r increases and eventually a full pulse is received outside of

the blind range; that is, everything remains the same in the

visible range.

On the downside, since the PPC technique uses the uncon-

taminated tail portion of the received signal, there is a loss of

range resolution and shift of compressed mainlobe. The loss of

resolution can be attributed to the tail portion that contains

only a portion of the bandwidth. This effect was numerically

quantified and presented in this paper. The shift of compressed

mainlobe is simply a shift of the maximum gain when an

FIG. 10. (left) Products processed using TFM: (a) Differential reflectivity, (b) PhiDP, and (c) RhoHV. (right)

Products processed using PPC: (d) Differential reflectivity, (e) PhiDP, and (f) RhoHV. In these plots it is shown

that radar sensitivity is higher inside the blind range on PPC and that the discontinuity in sensitivity has been

eliminated. Consequently, PPC results show more information inside the blind range than TFM results.
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incomplete echo is processed with the matched filter. Future

work includes a more in-depth study and mitigation of such

artifact.

Another potential disadvantage of the PPC technique is its

effect on the range sidelobes for the targets inside the blind

range. Sidelobes for those targets are not symmetrical and

those toward the radar can be extremely small (and larger away

from the radar). Furthermore, for those targets, the sidelobe

levels worsen as the target gets closer to the radar. Future work

includes a more in-depth study of any impacts and the need

for a mitigation strategy.

The PPC technique represents a new leap in blind range

mitigation and its implementation is simple. It requires no

hardware modifications and all the necessary changes are within

the receive portion the digital signal processor. There is no

changes to the transmit portion of the software. Currently, the

PPC technique has been implemented to the PX-1000 system (a

real-time web portal is available at https://arrc.ou.edu/px1000).
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