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Abstract—A novel concept for digital true time delay pulse
correlation radars using digital programmable delay lines and
monolithically integrated radar front-ends is investigated. The
effects of quantization errors on side lobe level and deviation
of beam direction due to the digital true time delay lines are
evaluated by numerical simulations based on the performance of
commercially available time delay units.

To verify the simulation results, a compact 26 GHz active elec-
tronically steered linear antenna array consisting of 8 elements
has been realized, which provides beamforming in both transmit
and receive path. Measurement results and design details of this
steerable radar sensor are presented in the experimental part of
this paper.

I. INTRODUCTION

The flexibility to point the antenna beam in any direction at

any time is the most important advantage of active electroni-

cally steered antenna arrays [1]. The beam steering can either

be done with phase shifters or with true time delays. Phase

shifters are typically frequency-dependent and hence limit the

bandwidth due to beam squint. A large bandwidth, however,

is crucial for good range resolution.

This bandwidth restriction can be eliminated by using true

time delays instead of phase shifters creating benefits for

industrial short range sensors with high range resolution.

If true time delays are implemented as switched sections

of transmission lines in the transmit and/or receive path at

RF frequencies, these units require large chip or PCB area

and suffer from insertion loss of the switches making them

impractical for many applications [2].

Regarding the commonly used principle for pulse radar

front-ends in level measurement based on correlation [3],

also termed as sequential sampling pulse radar [4], these

disadvantages can be overcome. Instead of delaying the high

frequency signals, the required time delay units for beam-

steering can be realized as baseband digital circuits delaying

the trigger-signals of the transmit (TX) and local oscillators

(LO) according to the desired beam direction.

The combination of pulse correlation radars (PCR) and

true time delay units results in a low complex imaging radar

with high bandwidth. The simple data analysis of the pulse

correlation radar with low sampling rates remains unchanged.

By programming digital delay lines the beam direction can be

steered, complementing the range information by the angular

information.

In Section II the novel concept for beamforming is pre-

sented. In Section III the effects of quantization errors and their

influence on side lobe level and deviation of beam direction

are discussed. In Section IV a realization of the true time

delay beamformer based on pulse correlation radar ASICs and

commercially available delay lines is presented. In Section V

the simulation results are verified by measurement results.

II. SYSTEM CONCEPT

The block diagram in Fig. 1 illustrates the system config-

uration of a single transmitter-receiver (TR) module of this

concept. It can be subdivided into

• time delays,

• pulse correlation radar,

• antenna,

• bandpass amplifier.

The functional principle of a pulse correlation radar is based

on two slightly different pulse repetition frequencies fPRF1 and

fPRF2 which trigger the TX and LO oscillators whereby their

pulses drift apart from each other and so the measurement

range is sequentially sampled. If the time difference between

the activation of these oscillators corresponds to the time of

flight caused by a target, LO and the reflected pulse arrive at

the mixer inputs at the same time. Consequently the result of

the multiplication is maximum. Thus, to evaluate the time of

flight or distance, the maximum of the mixer output has to be

detected.
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Fig. 1. Concept of a TR module consisting of a pulse correlation radar,
digital programmable time delay units to individually delay the pulse repetition
signals for transmit and receive, an antenna, and a bandpass amplifier.
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By connecting several TR modules with common pulse

repetition signals and individually delaying them, the beam

can be steered in a predetermined direction. This can be done

in transmit and/or receive path. Fig. 2 illustrates the principle

for beamforming in the transmit path.

III. QUANTIZATION ERRORS

The quantization errors due to the digital delays will result

in an increased side lobe level and a deviation of the beam

direction [2]. According to Fig. 2, the delay time between each

antenna can be calculated with

τn+1 − τn = Δτ =
dx sin θ0

c0
n=1,2,3 (1)

where c0 is the speed of light, dx the element spacing, and

θ0 the desired beam direction with respect to the boresight

direction [5]. Tab. I shows the required time delays for an

8-element array with an element spacing of dx=7 mm. The re-

quired time delays for this configuration are in the double-digit

picoseconds range. At the time of this writing, there are time

delays commercially available with a resolution τLSB of 3.3 ps,

5 ps, and 10 ps leading to considerable quantization errors.

Errors due to imperfect components e.g. etching tolerances,

PCR1 PCR2 PCR3 PCR4

τ1 τ2 τ3 τ4

dx

θ0

θ0

TX

Beam Direction
Wavefront

c0·Δτ

Fig. 2. Huygens’ principle to illustrate TX-beamforming for a 4-element
active electronically scanned array consisting of pulse correlation radar front-
ends and digital time delays fed with a common transmit pulse (with
τ1>τ2>τ3>τ4).

TABLE I
REQUIRED TIME DELAYS IN PS FOR AN 8-ELEMENT ARRAY WITH AN

ELEMENT SPACING OF dx=7 MM FOR A DESIRED BEAM DIRECTION θ0 .

θ0 EL0 EL1 EL2 EL3 EL4 EL5 EL6 EL7

15◦ 0.00 6.04 12.09 18.13 24.17 30.22 36.26 42.30
25◦ 0.00 9.87 19.74 29.60 39.47 49.34 59.21 69.08
35◦ 0.00 13.39 26.79 40.18 53.57 66.96 80.36 93.75

different propagation times, or temperature dependencies are

not considered here.

The increase of the side lobe level and the deviation of

beam direction can be simulated using the group factor [2] of

a linear array with N elements

FG(θ) =

N∑

n=1

ane
jk0ndx(sin θ−sin θ0) (2)

and replacing the required delay time (1) with the quantized

delay time of each element, where an is the amplitude, and

k0 the free-space wave number.

Fig. 3 illustrates the radiation pattern of a uniformly illumi-

nated 8-element array with an element spacing of dx=7 mm,

at a frequency of f0=25.25 GHz and a desired beam direction

of θ0=15◦. The side lobe level of an ideal uniform illuminated

array of about −13 dB serves as reference. As can be seen,

the different quantizations clearly influence the side lobe level.

Despite the massive quantization, the side lobe suppression is

sufficient for an application in industrial level measurements,

considering the fact that the suppression in transmit and

receive path in the real system doubles.

Furthermore, there is a dependency between the desired

beam direction and the side lobe level due to the quantization

stages. Fig. 4 illustrates the maximal side lobe level depending

on the desired beam direction. If the required time delay

corresponds to a multiple of the resolution τLSB, a side lobe

level suppression comparable to the ideal case can be achieved.

Due to the quantization, the beam direction cannot be

steered continuously resulting in beam direction errors. These

possible beam directions are not equidistantly distributed. But

regarding a system with 8 elements and 13◦ beam width, there

are enough steps with low side lobes to scan and interpret

the scenery, regardless of the small beam direction deviations.

To improve the angular resolution, a trade-off must be made

between element spacing and maximum steering angle and/or

number of elements and additional hardware.
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Fig. 3. Radiation characteristics of a uniformly illuminated 8-element array
with quantized time delays (f0=25.25 GHz, dx=7 mm, θ0=15◦).
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Fig. 4. Maximal side lobe level of a uniformly illuminated 8-element array
with quantized time delays depending on the desired beam direction and of
an array with ideal time delays (f0=25.25 GHz, dx=7 mm, θ0=15◦).

IV. TRUE TIME DELAY BEAMFORMER

As per block diagram shown in Fig. 1, a 26 GHz true

time delay beamformer has been developed. Commercially

available 2-channel time delays have been used as delay

lines [6]. They have a resolution of τLSB=5 ps and can be

programmed via a 3-wire interface. The radar front-ends were

available as monolithically integrated RF-circuits, whereby a

low-cost imaging sensor could be realized.

The developed beamformer consists of 8 TR modules,

which are connected as shown in Fig. 5. Since the delay lines

for the transmit and receive paths are placed in front of the

pulse correlation radar, the output signal of each TR module

is simply summed up by an operational amplifier. The sum

signal is amplified with a logarithmic detector before it is

digitalized by a 1-channel 20 kHz ADC with 12-bit resolution.

The data acquisition needs not to be changed independently of

the number of connected TR modules, since only one single

envelope curve is recorded per beam direction.

Fig. 6 shows a photo of the hardware setup of the digital

true time delay pulse correlation radar. The pulse repetition

frequencies are yet provided by a functional generator, and

the beam-steering is controlled by a computer via a USB2SPI

PRF generator

∑

Beam-

Data

Sensor 1

Sensor 2

acquisition

forming

Fig. 5. Block diagram of the true time delay beamformer consisting of 8
TR modules, a PRF generator and a computer for beam-steering and data
acquisition.
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Fig. 6. Photos of the 26 GHz digital true time delay pulse correlation
radar with 8 channels and an element spacing of dx=7 mm distributed on
four stacked boards. (1) 8x8-element patch antenna, (2) connectors to PRF
generator and for data acquisition, (3) USB2SPI interface for programming
the time delays, (4) pulse radar ASIC, (5) 2-channel LVDS receiver, (6) 2-
channel digital programmable time delay, (7) 2-channel LVDS driver, and (8)
distribution network.

interface. After data acquisition a 2-dimensional radar image

is generated from the envelope curves.

In the later application it could be sufficient to scan only

a few different angles to achieve benefit in comparison to

the prevailing industrial level measurement sensors with fixed

beam.

V. EXPERIMENTAL RESULTS

To verify the simulation results, the radiation pattern of the

beamformer has been measured. For this purpose, the transmit

and receive radiation patterns were recorded successively

in a bistatic arrangement. As already mentioned, in radar

applications the beam is steered in both transmit and receive

path resulting in twice the side lobe suppression.

Fig. 7 shows the simulation and measurement results for

TX-beamforming with a desired beam direction of θ0=15◦,

proving the feasibility of this concept. The difference between

simulation and measurement can be explained by propagation

delays of LVDS driver and LVDS receiver units used for

converting the trigger signal from single-ended to differential

in front and vice versa after the differential time delay circuits.

Due to the coarse resolution of the time delay units, a slightly

different propagation delay between the 8 channels could not

be fully compensated, resulting in an additional error leading

to an increased side lobe level and a deviation of the beam

direction.
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Fig. 7. Comparison between simulation and measurement for TX-
beamforming with a desired beam direction of 15◦ and a uniformly illu-
minated 8-element array (f0=25.25 GHz, dx=7 mm, θ0=15◦).

To generate a 2-dimensional radar image, the beam was

steered in discrete steps of Δθ0=1◦ from θ0=−40◦ to θ0=40◦.

For each beam direction, an 1-dimensional measurement data

set (envelope curve) was recorded. Following this, the single

envelope curves were merged into one 2-dimensional image

as function of the beam direction. The time to record a

single envelope curve is determined by the pulse repetition

frequencies and takes approximately 90 ms. By comparison,

the time it takes to program the time delay units (13μs) is

negligible. Thus the scan time for a two-dimensional image

consisting of 81 single measurements takes at least 7.3 s.

Fig. 8 shows the measurement setup with some targets: two

metal tubes at radial distances of 2.45 m and 3.78 m, a metal

plate at the center with a distance of 4.96 m, and a corner

reflector at a radial distance of 3.09 m on the right-hand side.

The corresponding 2-dimensional radar image generated

from 81 single envelopes is shown in Fig. 9. The radial

distance of the four targets can be mapped quite accurately.

With this system configuration a range resolution of 10 cm

could be achieved. The limiting factor for range resolution

was the minimum settable pulse length of the pulse correlation

radar ASIC of approximately 650 ps. Due to the small number

of 8 elements, the angular resolution is roughly 13◦, resulting

in a large lateral expansion of the targets.

VI. CONCLUSION

It has been successfully demonstrated, that this concept of

digital true time delay pulse correlation radar can be applied

to generate 2-dimensional radar images with high range res-

olution. With this simple system configuration consisting of

pulse radar ASICs and commercially available time delays, an

imaging sensor was realized, which offers benefits over the

prevailing level measurement methods in process automation

with low refresh rates, for example by scanning several dif-

ferent angles to increase the measurement reliability. It was

shown, that the quantization errors by the time delays mainly

Fig. 8. Measurement setup with two metal tubes at radial distances of 2.45 m
and 3.78 m on the left-hand side, a metal plate at the center with a distance of
4.96 m and a corner reflector at a radial distance of 3.09 m on the right-hand
side as targets.
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Fig. 9. 2-dimensional radar image of the measurement setup shown in Fig. 8
generated from 81 single envelope curves. The relative power is given in dB.

influence the side lobe level and that the slight deviation of

beam direction has not to be considered for this application.

A further improvement of this system could be the inte-

gration of the time delay elements into the pulse correlation

radar ASIC. Thus the power consumption and the temperature

dependency could be reduced and moreover the LVDS drivers

and receivers for signal conversion are no longer required,

whereby the image quality could be increased.

REFERENCES

[1] H. Hommel and H.-P. Feldle, ”Current Status of Airborne Active Phased
Array (AESA) Radar Systems and Future Trends” Microwave Symposium
Digest, IEEE MTT-S International, June 2005.

[2] R. J. Mailloux, ”Phased Array Antenna Handbook”, 2nd ed., Artech
House, 2005.

[3] J. Motzer, ”A pulse radar gauge for level measurement and process
control”, Microwave Symposium Digest. IEEE MTT-S International (Vol-
ume:3), June 2000.

[4] S. Schuster, S. Scheiblhofer, R. Feger, and A. Stelzer, ”Signal Model and
Statistical Analysis for the Sequential Sampling Pulse Radar Technique”,
Radar Conference. RADAR ’08. IEEE, May 2008.

[5] M. Skolnik, ”Radar Handbook, Third Edition”, McGraw Hill Profes-
sional, 2008.

[6] Micrel Inc., ”2.5/3.3V, 3.2Gbps Precision CML Dual-Channel Pro-
grammable Delay”, Datasheet, Dec. 2011.

1480



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


