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Abstract

Modern archaeo-geophysical radar surveys are often executed with multichannel

antenna arrays, which allows a much faster survey progress combined with a denser

profile spacing. Furthermore, from a methodological point of view, a full 3D dataset

is necessary to resolve small targets of a few decimetre diameter. However, only a

few test surveys deal with the evaluation of the real improvement in data quality by

applying such multichannel arrays. In this paper, a test survey with the IDS Stream-C

600-MHz radar device on a small area covering the Roman Bath of Kempten-Cambo-

dunum is presented. The aim of the study is to figure out whether faint archaeological

remains like hypocaust pillars, that is, the pillars of a Roman floor heating system, that

are missed by single-channel devices, are detectable in an ultra-dense antenna array.

Thus, the same area was simultaneously mapped with both GPR configurations. The

results of this case study demonstrate the benefit of such antenna arrays for the

archaeological prospection of small subsurface features with a diameter of 25 cm or

less. For ground-truthing of the results, a comparison with old excavation maps was

executed.
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1 | INTRODUCTION

Ground-penetrating radar (GPR) is one of the most common geophysi-

cal methods in archaeological prospection. In the first decades, mainly

single antenna devices were used to generate a 2.5D data set,

whereas modern surveys often take advantage of antenna arrays con-

sisting of several single antennas that are aligned parallel to each

other to simultaneously transmit and record with multiple radar

sources. The advantage of such multichannel systems is, on the one

hand, a much faster data acquisition while leaving the profile spacing

the same. On the other hand, the profile spacing can be reduced dra-

matically and therefore the resolution of the data can be improved.

The choice of a profile spacing as dense as possible is one of the cru-

cial points for GPR prospection. However, in most case studies, a

compromise has to be found between resolution and field expendi-

ture. The effect of a too coarse profile spacing on the data is treated

in several publications: For example, Linck (2013) or Neubauer et al.

(2002) synthetically simulated a coarser profile spacing in real data by

skipping profile lines in-between during data processing. For a

400-MHz antenna, these attempts led to the result of a maximum

profile distance of 50 cm, whereas in case of a transect spacing of

1 m, some archaeological remains can be missed.

First attempts using GPR antenna arrays have already been

reported by Birken et al. (2002) and Leckebusch (2005) nearly
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20 years ago. Today, there is a multitude of publications on this topic

from different countries; hence, only some recent ones can be men-

tioned here: Similar surveys were made in, for example, Austria

(Gamon et al., 2021; Neubauer et al., 2014), France (Baret, 2021),

Northern Germany (Coolen et al., 2021), Norway (Stamnes &

Kiersnowski, 2021) and the United Kingdom (Gaffney et al., 2018).

2 | SURVEY EQUIPMENT

Whereas most of the above-mentioned case studies use single-

polarized multichannel GPR arrays with an antenna spacing of

8 cm—for MALÅ Mira (Gamon et al., 2021) and 3D-radar Mark IV

(Stamnes & Kiersnowski, 2021)—or 12 cm—for IDS Stream-X

(Baret, 2021; Novo et al., 2012), in our test survey, the IDS

Stream-C system with an even denser antenna spacing (see below)

was applied. In contrary to the Stream-X system that has an

antenna frequency of 200 MHz, this newer IDS multichannel array

uses 600-MHz antennas providing a much better resolution for

archaeological purposes.

Standard single-channel GPR surveys often cannot exploit the full

3D nature of the data, as in crossline direction a severe interpolation

is applied due to a much coarser spacing. From a theoretical point of

view, the Nyquist interval for unaliased sampling that should not be

exceeded for recording the full three-dimensional GPR wave field

describes this (Novo et al., 2008):

Δx≤
c

4f sin θ
2

� � ffiffiffiffi
εr

p

with Δx = profile spacing, c = velocity of light, f = antenna frequency,

ϴ = antenna beamwidth and εr = dielectric value of the soil.

Under the simplified assumption of a soil with a dielectric value

εr = 9 and a beamwidth of 120�, the Nyquist interval for the

600-MHz antenna would be 4.8 cm. Based on this, the IDS Stream-C

consists of 23 antenna dipoles in vertical configuration (VV) and a

spacing of 4.4 cm (Figure 1a, Table 1). Besides, practical tests revealed

that a simpler ratio of λ/4 is often sufficient (e.g., Janaschek

et al., 1985). For a 600-MHz antenna, this would give a comparable

value of 4.1 cm.

F IGURE 1 (a) Schematic view of the IDS Stream-C multichannel system. The lower dots mark the position of the 23 VV polarized antennas
with 4.4-cm spacing; the upper dots the 9 HH polarized ones with 10 cm spacing (© IDS). (b) Photo of the survey equipment used in Kempten.
The Stream-C is mounted on a self-built sled and an odometer wheel triggers the sampling interval (photo: BLfD, Roland Linck). (c) IDS Duo
single-antenna cart in Kempten (photo: BLfD, Roland Linck).
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Furthermore, there is also the unique chance of the IDS Stream-C

radar to simultaneously acquire data by nine channels in horizontal

configuration (HH) and 10-cm spacing (Table 1). This leads to an

effective coverage of 96 cm by one survey swath. Due to the result-

ing antenna weight of 20 kg, it is normally mounted to a motorized

vehicle. However, for our small-scale test site, we simply put the mod-

ule onto a self-built sled (Figure 1b).

Regarding data processing, the standard steps for GPR surveys

like a bandpass-filter (between 200 and 1000 MHZ with a

Butterworth Taper of order 3), time-zero, background removal (over

the whole signal range) and 3D-fk-migration (with a velocity of

0.065 m/ns) were applied in ReflexW. Another important step for

antenna array data is the channel balancing to set each antenna to the

same energy level, as there are differences due to the single antenna

characteristics and the different ground coupling conditions (Trinks

et al., 2018). For the latter step, the “normalize profiles”-algorithm in

ReflexW was applied for the amplitude balancing across the single

transect lines (Sandmeier, 2022).

Although the IDS Stream-C provides data in VV- and HH-

polarization, only the VV data will be presented in this paper, as the HH

polarized one does not provide any additional information. This is due

to the real 3D mapping based on the ultra-dense profile spacing, which

minimizes the effect of stronger reflections from features orientated

perpendicular to the profile direction described, for example, by Annan

and Cosway (1992) and Pomfret (2006). To some degree, this effect can

already be detected in even coarser profile spacing, for example, 25 cm

for a 400-MHz antenna (Linck & Fassbinder, 2014).

For the evaluation of the improvement in resolution, the same

area was simultaneously measured in 50-cm profile spacing with a

single-channel IDS Duo GPR system using 200 and 600-MHz

antennas (Figure 1c, Table 1). Only the latter will be compared with

the Stream-C system, as it operates in the same frequency. The data

processing steps were principally the same as for the Stream-C data.

3 | LOCATION AND HISTORICAL
BACKGROUND

As a test site, we chose the Great Roman Bath at Kempten-Cambodu-

num. Kempten is located in Southwestern Bavaria in a region called

Allgäu, approximately 80 km southwest of Augsburg (Figure 2). The

Roman settlement concentrated on the top of the Lindenberg,

approximately 30 m above the right bank of the river Iller.

Cambodunum was the first capital of the Roman province Rhaetia

and was founded around 17 AD shortly after the Roman conquest of

the alpine upland at the junction of the East–West running route from

Bregenz-Brigantium to Salzburg-Iuvavum and the Northeastern one

towards Augsburg-Augusta Vindelicum (Gottlieb & Weber, 1989;

Kleiss, 1962). After a first phase in wooden constructions, the first pub-

lic buildings were rebuilt in stone at the end of the 1st century AD due

to their demolition during the civil war after Emperor Nero's death

(Czysz, 1995; Gottlieb & Weber, 1989; Schleiermacher, 1972). In this

time, the settlement covered an area of 700 � 500 m. The rise of Cam-

bodunum abruptly ended at the begin of the 2nd century AD, when the

Roman Empire reached the Limes region and the capital of Rhaetia was

shifted to Augusta Vindelicum depicting the province's centre in this time

(Czysz, 1995). The remaining settlement of Cambodunum was aban-

doned around 260 AD due to several Alemannic invasions and was

rebuilt at the left riverbank of the Iller, where the new medieval and

modern town developed (Kleiss, 1962; Schleiermacher, 1972). Since this

time, the area on top of the Lindenberg remained unchanged in huge

parts. Hence, Cambodunum offers the unique possibility to survey a

whole Roman town with geophysical prospection. The results of this

comprehensive survey executed in 2011 with a single-channel GSSI

SIR-3000 equipped with a 400-MHz antenna are published in Linck and

Kühne (2012) and Linck (2013).

Geologically, the Kempten area is characterized by sandstone and

marl that was deposited since the Tertiary as molasse around 15–25

million years ago. These former river and sea rubbles had been com-

pacted and partly folded before they were overlaid by loose glacier

and meltwater deposits. The Lindenberg itself depicts the remains of

a former delta of the meltwater influx (Scholz, 2000). Hence, the soil

is mainly built by gravel that provides a good water drainage and low

conductivity. However, in situ time-domain reflectometry (TDR) mea-

surements before and during the GPR survey revealed a soil moisture

of 39 vol%, resulting in a quite high dielectric value of εr = 24 for the

topsoil. A more comprehensive description of the survey method can

be found in Linck (2013) and Linck and Fassbinder (2014). As, in con-

trast, the soil conductivity is as low as 1.8 dS/m, the circumstances

are still suitable for good GPR results.

4 | RESULTS AND DISCUSSION

The multichannel IDS Stream-C survey covered a grid of 40 � 40 m

size in the area of the Great Roman Bath of Cambodunum. This

building was chosen, as old excavations in 1911 by the “Königliches
Generalkonservatorium der Kunstdenkmale and Alterthümer

Bayerns,” the predecessor institution of the “Bayerisches Landesamt

für Denkmalpflege” (BLfD), revealed a multitude of small hypocaust

TABLE 1 Survey parameters of the two GPR systems used for this case study

Type of system Antenna frequency Acquisition configuration Antenna separation Calculated resolutiona

IDS Stream-C 600 MHz VV and HH 4.4 cm for VV 8 cm

10 cm for HH

IDS Duo 200 and 600 MHz VV 50-cm transect interval 25 and 8 cm

aCalculation with rule of thumb formulated by Milsom (2003): d¼150=f
ffiffiffiffi
εr

p
with εr = 9 and f in MHz.
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pillars in the caldarium (i.e., the warm bath) of the second building phase

(Figure 3). Hence, it offers the possibility to detect faint archaeological

remains that might only be visible in real 3D GPR data.

The Great Roman Bath covered an area of 4000 m2 and belonged

to the largest complexes of this kind north of the Alps, comparable

with those in Augst-Augusta Raurica (Switzerland) and Avenches-

Aventicum (Switzerland) (Weber, 2000). It had two building phases

with a slightly varying layout, which can also be distinguished in the

GPR data by their different depth. The radar data show the Roman

walls in a depth range from 45 to 150 cm below the modern surface.

Schleiermacher (1972) reports the same depths for excavated walls in

other parts of Cambodunum; hence, the depth estimation by the GPR

survey seems to be quite accurate. By comparing the results of the

IDS Stream-C with those of the IDS Duo, it can be noted that the

Roman walls are detected by both systems (Figure 4a,c). Due to their

width of 50–90 cm, already the profile spacing of 50 cm that was

applied for the IDS Duo is dense enough to resolve them. However,

they have a higher contrast to the background reflection and are more

pronounced in the Stream-C depth slices due to the exploitation of

the full resolution of the GPR data based on the equal sample interval

in both directions. The layout and different building phases of the

Great Roman Bath in Cambodunum have already been published in

detail in Linck and Kühne (2012) and Linck (2013). Hence, these topics

are not treated further, as they are not relevant for the approach to

detect faint archaeological remains by an ultra-dense full 3D survey.

In a depth of 65–115 cm below the modern surface, the

Stream-C data shows several hypocaust pillars of 25 cm lateral length.

Figure 4b presents a sample hypocaust picked in the depth slice and

the corresponding unmigrated profiles (i.e., inline and crossline). The

reflection hyperbolas in the profiles mark the hypocaust's location

very well. Furthermore, the cross-sections represent the correct depth

of the pillars known from the excavation results quite well. However,

not all pillars that were documented in the excavation plan of 1911

(Figure 3a) are identifiable in the GPR data. Some of them probably

were destroyed or collapsed during excavation or the refill afterwards,

as they consist of unstable layered burnt bricks. Another reason is that

sometimes only the last stone layer is preserved (see excavation

photo in Figure 3b), but the hand-drawn plan simply maps them with-

out giving any information about their height, which leads to a reflec-

tion signal that cannot be distinguished from the natural background.

F IGURE 2 Topographical map showing the location of Kempten. The black star in the map in the lower right corner marks the exact position
of the survey area. Coordinate system WGS84/UTM32N (© Bayerische Vermessungsverwaltung—www.geodaten.bayern.de). In the top left
corner, the location within Germany is marked (© Bundesamt für Kartographie und Geodäsie, Frankfurt am Main, 2011).
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Thus, only 22% of the hypocaust pillars marked in the plan could be

detected by the multichannel GPR survey.

Furthermore, the location of the hypocaust pillars mapped by

GPR does not completely fit to the corresponding ones in the original

excavation plan. This can be explained by two facts: On the one hand,

in 1911 certainly not all pillars were exactly levelled by hand, but more

or less added in a regular raster with a defined distance in all direc-

tions. On the other hand, the hand-drawn plan is not completely true

to scale, as modern excavations in other parts of the Roman town

have revealed. Nevertheless, 89% of the probable hypocaust pillars

detected by the Stream-C correspond to the excavation map. The

remaining error is simply conditioned by the fact that the GPR data

can also show bigger stones of the excavation infill.

For the single-channel IDS Duo data, the situation is even worse:

Only 3% of the hypocaust pillars can be identified in these depth

slices (Figure 4c,d). Especially Figure 4d shows impressively the prob-

lem of crossline interpolation in case of the single-channel surveys.

Hence, such faint archaeological remains are only detectable by an

ultra-dense multichannel array and the application of such a survey

device is advisable for sites with expected small-scale structures in

the subsurface. In addition, Figure 4d shows quite well the above-

mentioned effect of strong interpolation in crossline direction that

further blurs the detection of small features.

Similar archaeological remains of Roman hypocaust pillars were

also mapped by Trinks et al. (2018) with a MÅLA Mira multichannel

system in Carnuntum (Austria).

F IGURE 3 Excavation of the Roman Great Bath in 1911 by Paul Reinecke in Kempten-Cambodunum. (a) Hand-drawn plan of the unearthed
remains including the walls and the hypocaust pillars in 1:100 scale. There is no distinction between the two construction phases. (b) Original
photo of 1911 of the excavated caldarium (phase II) with the hypocaust pillars in different states of preservation. View from the west (© BLfD)
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5 | CONCLUSION

The presented results of the test survey in Kempten show the advan-

tage and benefit of ultra-dense GPR surveys with multichannel

antenna arrays. Small archaeological remains can only be resolved by

such full 3D datasets and are mainly missed by using a standard

single-antenna configuration. The reason for this is that a single-

channel survey normally uses a much higher crossline than inline

spacing due to the fact that surveying the equivalent area with the

same data density requires significantly more survey time. Another

problem is that single-channel antenna cases are too big for such

dense profile spacing, prohibiting the antenna centre being posi-

tioned exact enough. This results in a crossline interpolation of the

data, which possibly eliminates the faint archaeological remains. A

remediation for this fact would only be a bidirectional survey in inline

and crossline direction that could fail due to the problem of exact

positioning of the antenna. Hence, an antenna array should always

be applied if such subsurface features are expected within the

survey area.

However, there are some drawbacks of GPR antenna arrays that

shall be mentioned: As already stated by Trinks et al. (2018), such sys-

tems are bulky and often have a width of 1 m or even more, which

can cause some problems with ground coupling of the signal in case

of rough terrain. Furthermore, these instruments create an enormous

amount of data that have to be handled for data processing and are

still quite expensive. Another crucial factor, especially in Bavaria, is

that the farmers often do not permit access to their fields with motor-

ized geophysical systems or that the survey areas are simply too small

for operating such bulky arrays. In conclusion, it has always to be

weighted, which configuration offers the best choice for the specific

requirements of the case study, whereas for most archaeological

remains, a coarser profile spacing offered already by single-channel

GPR devices is often sufficient.
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