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Abstract — Digital radars with low-resolution analog-to-digital
converters (ADCs) can reduce digital processing complexity and
power consumption but suffer from limited dynamic range.
The poor dynamic range causes high radar cross-section (RCS)
targets to mask low-RCS ones. To mitigate this issue, we propose
operating the ADC at a high resolution during the initial slow-
time slot of each radar frame. The high-resolution measurements
are used to estimate the range and RCS of dominant targets,
which, along with their known Doppler statistics, are used to
construct a dither signal. This dither signal is then employed
to acquire low-resolution ADC measurements in the subsequent
slow-time slots. With the proposed receiver architecture, our
method suppresses strong target returns in the low-resolution
measurements, effectively unmasking weak targets. Simulations
demonstrate significant improvements in target detection and re-
duced normalized mean square error in radar channel estimation
compared to existing benchmarks.

Keywords — Digital low-resolution radar, adaptive threshold-
ing, environment-aware dithering, one-bit compressive sensing,
situation aware sensing

I. INTRODUCTION

Digital radar architectures enable flexible waveform de-
sign [1] and strong interference rejection [2]. However, their re-
liance on high-resolution analog-to-digital converters (ADCs)
increases power consumption, hardware complexity, and the
amount of data to be processed [3]. These constraints are par-
ticularly restrictive in automotive applications, where real-time
processing and energy efficiency are critical. To mitigate these
issues, low-resolution ADCs—especially one-bit ADCs—have
been explored in radar systems [4]-[10]. While one-bit ADCs
significantly reduce power consumption and implementation
cost, they exhibit poor dynamic range. This is because the
quantized received signal is primarily influenced by high radar
cross section (RCS) targets, leading to a masking effect that
severely degrades the detection of low-RCS targets [11].

Dithering techniques can address dynamic range limi-
tations by introducing time-varying quantization thresholds.
Existing methods rely on random dithering [12], second-order
statistics target parameters [13], or optimization-based de-
signs [14]-[16]. Sparse recovery-based methods for multiple-
input multiple-output (MIMO) radars with few-bit ADCs have
shown promise [11], but their performance degrades for closely
spaced targets or targets with significant variation in RCS.

This work was supported in part by the Dutch Ministry of Economic Affairs
and in part by the Important Projects of Common European Interest (IPCEI)
Microelectronics and Communication Technology (ME/CT) Project.

Recent work has investigated mixed-ADC MIMO radars to
address the power consumption issue with high-resolution
radars. For instance, [17] employs a combination of high-
precision and one-bit ADCs along the spatial dimension. The
resolution of the ADCs were fixed along the time dimension
in [17]. In contrast, we propose to dynamically adapt ADC
resolution over the slow-time dimension. This adaptation al-
lows our method to leverage high-resolution measurements
and generate a situation-aware dither signal. Our proposed
approach mitigates the masking effect caused by dominant
targets, enhancing low-RCS target detection while maintaining
low power consumption.

The proposed framework in this paper employs high-
resolution ADCs (e.g., 16-bit) in the first slow-time slot,
followed by one-bit quantization in subsequent slots within
the coherent processing interval (CPI). Depending on the type
of ADC circuit, the slow-time resolution adaptation can be
achieved by dynamically tuning the ADC parameters [18],
changing the oversampling rate in a X-A ADC [19], or
introducing switches within a successive approximation reg-
ister ADC [20]. The high-resolution measurements are used
to estimate the range and RCS of dominant targets. This
information, along with Doppler statistics, is used to generate
a situation-aware dither signal. In this paper, we show how our
generated dither signal mitigates the masking effect of strong
targets, enhancing the detection of weaker ones. We develop a
three-stage radar channel estimation method which comprises
these steps: (1) Extracting dominant target features (i.e., range
and RCS) for dither signal construction, (2) Estimating the
radar channel from dithered low-resolution measurements, and
(3) Compensating for scaling ambiguity caused by heavy quan-
tization. We demonstrate through simulations that our approach
improves the detection of low-RCS targets and reduces the
normalized mean square error (NMSE) of the estimated radar
channel compared to existing benchmarks.

In this paper, we consider a single antenna receiver and
focus on range-Doppler radar channel estimation. Further, we
assume that the maximum number of targets in any range
bin is one, i.e., it is not possible to observe targets at 10 m
with two different Doppler values. In practice, this assumption
can be justified when the radar has sufficient range resolution
and can isolate returns from each direction by employing
beamforming. We also consider the extreme case of one-bit
for low-resolution quantization. Our framework, however, can
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be directly applied to radars using few-bit ADCs by using the
appropriate likelihood function in our objective.

Notation: Scalars (e.g., ) are denoted in italic, determin-
istic vectors (e.g., ) in italic bold, matrices (e.g., X) in italic
bold capital, random variables (e.g., x) in upright, random
vectors (e.g., x) in bold upright, and random matrices (e.g.,
X) in bold capital upright letters. The Hadamard product is
denoted by © and the Kronecker product by ®. The transpose
is denoted by (-)T. Also, 9R(-) returns the real and J(-) the
imaginary part.

II. SIGNAL MODEL

We consider a single-input single-output digital radar. The
transmitted signal is constructed by periodically repeating the
N-length digital sequence

s=[s(0) s(1) s(N-1)]". (1)

We define T as the chip duration and 7, = NT; as the
pulse repetition interval (PRI). The L slow-time slots within
each CPI are indexed by ¢ € {0,1,--- ,L — 1}. Our receiver
uses an infinite resolution at the ADC in the first slow-time
slot (¢{ = 0) and one-bit resolution in the remaining L — 1
slots (1 < ¢ < L — 1). The use of infinite resolution enables
generating a situation-aware dithering signal, while a one-bit
resolution ensures that the power consumption is low. In this
section, we discuss the system model for one-bit measurements
acquired using a generic dither signal. In Section III, we detail
the construction of our dither signal using high-resolution
measurements from the first slow-time slot.

For the signalling structure Fig. 1a, the baseband represen-
tation of the transmitted signal can be written as

oco N-1

sec(t)= > Y s(n)p(t —nTy —LT,), ()

{=—00 n=0

where p(t) is a rectangular pulse of duration T (unity for
0 <t < 7T and zero otherwise). We partition the range and
Doppler domains into N; (N, < N) and Ny discrete bins, with
bin indices denoted by n; and ng respectively. The received
signal is then

N, Ny

2= 33 Vnngax (t = T )7 4e(t), ()

ny=1nqg=1

where 7, = n,T; denotes time delay, f,, denotes Doppler
shift, v, n, denotes the reflection coefficient of the target in
the (n.,nq)-th bin, and e(t) is additive noise.

We ignore the phase variation due to Doppler within a PRI.
Under this assumption, the received baseband signal in (3) for
the /th slow-time slot is

N-1
ze(t) = Z nynrnds((n + n,) mod N)

ny,ng n=0
p(t — (n, + n)Ts)ejgm’“de +e(t), 4

where vy, = fn,Tp, and ((n + n,) mod N) is the remainder
when (n+n;,) is divided by N. The discrete-time representation

£=0 =1 t=2 t=L-1
@ T fso | fsv=rf So | [Sw-1 So | w1
—
PRI=T, CPI = LT, T

r Y N\ Y

) BX eo-precision | gy Apc 1-Bit ADC 1-Bit ADC
ADC ADC ‘ ‘
N A S 00 M

Fig. 1. Transmit signal and resolution at the receiver ADC. We consider
a digital radar transmitter that periodically transmits sequence s every PRI.
A sketch of this signal is shown in (a). The receiver uses an ADC whose
resolution can be adapted in slow-time, as shown in (b). In this paper, the
ADC’s resolution is set high only during the first slow-time slot of each CPIL.

of z¢(t) at the N time instances in {¢T}, - -
is then

zy = STay + ey, )

where T' € CMr*Ma is the reflection coefficient matrix, where
I'(ng, ng) = “yn, n, denotes the effective RCS of the (n., nq)-
th range-Doppler bin. The matrix § € CN*M has its n,-
th column as s((n + n;) mod N). The steering vector a is
defined as

. . . T
a; = [eJQTrulZ’ e]27ru2£’ . 76]27r1/1\1d€] . (6)

The signal received in the first slow-time slot in the pro-
posed framework is unquantized, i.e., the receiver acquires z
as shown in Fig. 1b. The remaining L—1 vectors corresponding
to the subsequent slow-time slots, i.e., {zg}gL:]l, are quantized
to one-bit. To construct the one-bit measurement model, we
first write the collection of unquantized vectors as

Z:[zl?z27"')ZL—I]:SI‘A—i_E) (7)
where A = [a1,a2, - ,ar_1] is a Vandermonde matrix and
E = [e1, ey, - ,ep_1] is the noise matrix. By vectorizing

I' as v = vec(T'), and similarly defining z = vec(Z) and
e = vec(E), we obtain

z=By+e, B=AT®S. (8)

The vector z is first dithered, equivalently subtracted, using a
discrete-time representation of a known analog dither signal
g(t). We denote ¢ = gs + jg5 as the discrete-time version
of q(t) and write the dithered signal as z — q. The dithered
signal is finally quantized using a one-bit ADC to output

yn = sign(R[z] —qwn), y3 =sign(J[z] —q3), ()

where sign(-) denotes the sign function which is —1 for nega-
tive arguments and +1 otherwise. The complex measurement
vector y can then be written as

Y =yn +Jjys. (10)

In automotive radar applications, the range-Doppler chan-
nel I is sparse due to unoccupied cells in the high-dimensional
range-Doppler grid and high-frequency scattering. This spar-
sity enables compressed sensing (CS)-based techniques to
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Fig. 2. A matched filter is applied over the high-resolution measurements
from the first slow-time slot to detect high-RCS targets. The range and RCS
estimates of these targets, together with the Doppler statistics, are used to
generate a dither signal. One-bit measurements are acquired in the subsequent
slow-time slots using the generated dither signal.

efficiently reconstruct the radar channel by leveraging sparse
priors.

III. PROPOSED METHOD

In this section, we discuss our receiver architecture which
alleviates the masking effect induced by high-RCS targets
on low-RCS targets in one-bit sparse recovery. The key idea
underlying our approach is to “predict” future returns from
high-RCS targets using high-resolution measurements from
the first slow-time slot (/ = 0) and Doppler statistics. The
predictions, in the form of dither signals, are subtracted from
the received analog returns for 1 < ¢ < L — 1 before one-bit
quantization. A schematic of the proposed receiver architecture
is shown in Fig. 2.

A. Proposed dither signal generation

Without loss of generality, assume H high-RCS targets are
detected after matched filtering at £ = 0. Given the detected
range and lane topology, the Doppler shift distributions of these
targets can be inferred. For example, a target detected 18 m
away from the ego vehicle along 60° in Fig. 6 occurs on the
lane where the speed limit is 80 — 100 kmph. The probability
distribution of the Doppler of targets on this lane can be
learned from a history of radar scans or from the infrastructure.
In this paper, we assume that this distribution is known.
Using this Doppler information, future returns from high-RCS
targets within a CPI can be “predicted”. Our prediction is a
randomized dither signal due to the uncertainty in Doppler
information (e.g. 80 — 100 kmph). We will show that the
constructed randomized dither signal achieves better radar
channel reconstruction than comparable methods.

To construct the dither signal, our approach first estimates
target range and RCS from high-resolution ADC measure-
ments in the first slow-time slot (¢ = 0), as shown in Fig. 2.
The resulting high-precision signal zg[n| is matched-filtered
to yield zg([n], from which high-RCS targets are identified
using a threshold u, i.e., {n : |zo¢[n]| > w}. Denoting the
estimated RCS and range bin of the h-th target as 4, and 7, p,

il where each v, [n] is i.i.d with
e ps 7 - and vy, for the A" target .

used to generate corresponding
digital dither signal

=1 =2
zo,f[n] 0 0
‘Matched Filter [?lsﬁ,,.eﬂm‘“ } E?lsﬁ,_,eﬂ”zud" ]

5ot
¢

known distribution vy ;(n) ~ f(vy )

V4110] Vd,l[lq o oo g N=1]
r=1-1)

o [1715,,','[5]. ML?

g

5 2Ly,
TS, € o ]
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Fig. 3. For H identified high-RCS targets, the dither signal in our method
is obtained by adding dithers for each high-RCS target using their Doppler
statistics.

respectively, the expected return at slow-time slot ¢ from all
high-RCS targets can be expressed as the sum of the individual
target returns. Consequently, the resulting dither signal g[n]
is given by

H
a[n] =Y Ansa,, [ne?>Ver (1)
h=1

where s;,, is the circularly shifted transmit sequence. Since
the Doppler shift 14 ,[n] is unknown, we sample it at random
from its known distribution f(v,) in each fast-time interval.
The dither vector shown in Fig. 3 is then constructed as

. qr-1]. 12)

This dither signal is used, in the form of an analog cancellation
signal, to acquire one-bit measurements of the radar channel
using (9).

The one-bit measurements acquired with the dither signal
g can now be used to estimate the range-Doppler radar
channel. However, this estimate is coarse due to two factors:
(i) dithering attenuates high-RCS target returns, reducing their
reflection coefficients and unmasking low-RCS targets, and
(ii) one-bit sparse recovery introduces a scaling ambiguity, as
sign(az) = sign(z) for any a > 0. To address these issues,
we propose a two-step approach to separately estimate the
reflection coefficients of high- and low-RCS targets.

qz[(ha‘hw'

B. Channel Estimation with Mixed-Resolution Measurements

We use o1, € CVVe to denote the sparse vector estimated
from one-bit measurements. This estimate can be obtained
from any one-bit CS algorithm such as [12]. Its corresponding
range-Doppler representation, denoted by Lo, € CNoXNa g
obtained by reshaping 4,1, into a matrix. Given our assumption
of at most one target per range bin, false-alarms are suppressed
by retaining only the strongest coefficient in each row. To mask
the false-alarms, we define a binary matrix M, € {0, 1}V:xNa
as .

1, j=argmax |Topli, k]|,
Mob [lv .7 ] = Kk
0, otherwise.
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Fig. 4. Channel estimation for two high-RCS targets with Doppler prior of

length 4 and |y| = 1 each and one low-RCS target with |y| = 0.1.

The masked channel estimate is then given by
Tob, e = Moy @ Top.

We can separate the masked channel IA‘ob, it into high-
RCS and low-RCS channels, as high-RCS target parameters
are already estimated using the matched filter output 2 ¢[n] at
¢ =0, with Doppler determined from f‘ob, filt by

fg,n, = argmax Loy gt (R p, k).
k

The radar channel matrix corresponding to high RCS targets,
defined by f‘high, is zero everywhere except at these identified
locations A

Chigh (Tor s ed,n) = Y- (13)

The radar channel matrix associated with low-RCS targets
can then be estimated from IA‘Ob, a1 by masking high-RCS
targets A R

Tiowsa = (Mg — Muigh) © Top, fiies (14)

where My is a binary mask identifying high-RCS targets.
Due to one-bit recovery, IA‘IOWQSA is accurate only up to a
positive scaling factor. We resolve this by isolating the high-
resolution low-RCS returns

Yo,low = Yo — SThignao.

10 T T T T T T T
~ — mix-res (perfectly known Doppler)
4 ——mix-res (Doppler prior length 2)
0% *¥ —4- mix-res (Doppler prior length 12) :
2 —— mix-res (power adjusted uniform dither) {—
<) = 1-bit (no dither)
m —10p * 1-bit (uniform dither in [—1,1]) 1
§ — oo-precision
Z ™
—920| *ky i
*
_30L

5.10720.1 015 02 025 03 035 04 045 0.5

[7]

Fig. 5. Comparison of NMSE in the estimated RCS of the weak target in
the presence of two dominant targets for a grid size N X L = 40 x 40 for
different dithering signals and receiver designs.

20 (¢ ‘
o°°°o
| % :%%"o |
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s 0064400088888000000000006644583345:
3 %000,
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[

Fig. 6. Comparison of NMSE in the estimated RCS of the weak target in the
presence of two dominant targets for different grid sizes /N x L for proposed
mixed-resolution system architecture and Doppler prior length 4.

The expected low-RCS returns are given by 6Sf‘low,SAa0,
where § > 0 is unknown and estimated as

0 = argmin ||yo,iow — 0STowsaao|3.
5

The final low-RCS channel estimate is
f‘low = Sf‘low,SA~ (15)

Thus, the complete range-Doppler channel estimate is given
by . R
4 = vec(Tiow + Thign),

where 4 includes reflection coefficients of both the high- and
low-RCS targets.

IV. RESULTS AND DISCUSSION

We consider a two-target scenario to analyze the accuracy
of detecting the low-RCS target as a function of the dynamic
range. Fig. 4 simulates an 80 GHz radar channel with two high-
RCS targets (|y| = 1) and one low-RCS target (|y| = 0.1). The
Doppler of high-RCS targets follows a uniform distribution
over four values, vy ~ 1{0.08,0.18,0.28,0.38}, with actual

Lane-1 Lane-2 Lane-3 Lane-4
80 —100kph | 100 — 120 kph |

100 — 120 kph 1 80 — 100 kph 1

20 kph |
J71=0.1

2m 3.5m 35m 3.5m 35m 2m

Fig. 7. Multi-lane highway scenario with targets of varying velocities and
RCS values. We assume that the radar can isolate returns from any direction
by beamforming.
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(c) Conventional one-bit system with uniform dithering
Fig. 8. Channel estimation results for the multi-lane highway scenario in Fig. 7 with different dithering signals and receiver designs. The proposed situation-aware
dithering technique with a mixed-resolution ADC detects both high- and low- RCS targets, while a conventional one-bit system fails in detecting the low-RCS
targets.

Doppler shifts of 0.28 and 0.38. We simulate for range
resolution of 1m, Chip duration of 6.67ns, and badwidth of
5GHz. The radar channel is estimated via log-likelihood min-
imization [12] with a log-sum sparsity penalty [21]. Despite
Doppler ambiguities, Fig. 4 demonstrates that the proposed
method effectively suppresses high-RCS responses, enabling
low-RCS target detection.

Note: Doppler prior length is defined as the number of
possible Doppler shifts for a high-RCS target (e.g., 4 in Fig. 4).
Doppler priors are assumed uniform within lane-based limits.
For example, a prior length of 2 with a Doppler range {v,, v}
implies v ~ U{vy, 11 }.

To assess performance, we evaluate the NMSE of the radar
channel associated with the low-RCS targets, i.e.,

Hrtrue © (Mob - Mhigh) - flnw”%
||the © (Mob - Mhigh)”%

where I'y,. is the ground truth range-Doppler matrix.

The NMSE in Fig. 5 and Fig. 6 is averaged over 1000
trials with independently generated dither signals. The low-
RCS target strength is varied from 0.01 to 0.5 to analyze
detection robustness. In addition to the zero thresholding in
one-bit, we compare our method against two uniform random
dithering techniques:

a) Uniform Random Dithering [12]: One-bit quanti-
zation is applied across all slow-time slots. The dither signal

NMSE = 101log,,

(d) Mix-res system with power adjusted uniform dithering

for each pair of ¢ and n is drawn from i.i.d uniform distribu-
tion, i.e., g¢[n] ~ U[—1,1].

b) Power-Adjusted Uniform Random Dithering: Our
method uses high-resolution ADCs in the first slow-time slot,
unlike [12], which employs one-bit ADCs throughout. For a
fair comparison, we adapt [12] to our ADC resolution profile
by estimating high-RCS target power, pg, from the matched
filter output.

A dither signal with entries drawn from U[—1, 1] is effec-
tive when the power of high-RCS targets is comparable to the
dither signal’s power, i.e., 1/3. This is because the average
power of U[—1,1] is 1/3. When the power py is substantially
different from 1/3, the uniform dithering technique becomes
less effective. The power-adjusted uniform random dithering
benchmark generates a dither signal whose power is compara-
ble to py. This is achieved by drawing the dither signal entries
according to gg[n] ~ U [—/3pm,/3pu]|. The choice of the
limits —/3py and /3py ensures that the average power of
the dither signal matches the high-RCS signal power pg.

Fig. 5 presents NMSE results with N = L = 40,
using a Doppler prior length of 4 per high-RCS target. The
proposed mixed-resolution approach outperforms conventional
one-bit systems with zero and uniform dithering, as well as
power-adjusted uniform dithering. Even with two high-RCS
targets, our Doppler prior-based method enables more accurate
low-RCS target estimation. Fig. 6 further illustrates that the
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proposed method outperforms the benchmarks while requiring
fewer measurements than other dithering techniques.

A. Lane Topology-based priors

Fig. 7 illustrates a multi-lane highway scenario, where an
ego vehicle with a radar, traveling at 80kmph, detects multiple
targets with the radar beam directed at a 60° angle.

We demonstrate this scenario to emphasize the effective-
ness of estimating channel parameters for weak targets in
the presence of dominant reflections from high-RCS targets,
particularly under conditions with varying Doppler priors.
Using the lane topology in Fig. 7, the Doppler priors are
assigned based on the range estimates from matched filtering.

The channel estimation results demonstrate the robustness
of the proposed mixed-resolution architecture in such complex
conditions. The cyclist, with |y| = 0.1, represents a low-
RCS target with a weak return signal, which is particularly
challenging to detect amidst strong reflections from high-RCS
targets such as trucks and cars. With N x L = 450 x 450,
conventional one-bit radar systems can detect the cyclist and
similar weak targets. However, as seen in Fig. 8a, the one-bit
system introduces significant false artifacts around the actual
low-RCS targets due to its limited dynamic range. The use of
uniformly distributed thresholds reduces these artifacts, but the
issue of false alarms persists as seen in Fig. 8c.

Figs. 8b and 8d showcase the channel estimation results
obtained using the proposed mixed-resolution architecture
with Doppler-prior-based thresholds and power-adjusted uni-
formly distributed thresholds, respectively. The results clearly
highlight the robustness of the mixed-resolution system. Our
Doppler-prior-based dithering not only accurately estimates the
weak targets but also minimizes false alarms significantly, even
in the presence of strong reflections from high-RCS targets.
In contrast, while the power-adjusted uniformly distributed
thresholds show improvement over conventional one-bit sys-
tems, their performance deteriorates as the grid size decreases,
consistent with earlier observations. Although the Doppler
priors are fixed in our simulations, they can vary across radar
frames in practice due to changes in lane topology, allowing
the dither to be adapted accordingly.

V. CONCLUSIONS

We demonstrated the adaptation of ADC resolution, com-
bined with situation-aware dithering, to effectively increase
the dynamic range of low-resolution radars. Our approach
configures the ADC to operate at high resolution during the
first slow-time slot and at low resolution in the subsequent
slots within a CPI. The high-resolution measurements from
the initial slot, along with Doppler statistics, are leveraged to
generate a dither signal for obtaining low-resolution measure-
ments. Additionally, we developed a radar channel estimation
algorithm tailored for these mixed-resolution measurements.
Through simulations, we showed that our mixed-resolution
framework with situation-aware dithering enhances the detec-
tion of low-RCS targets while also achieving lower NMSE in
channel estimation compared to existing benchmarks.
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