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AbstractÐWe consider the problem of estimating the orienta-
tion of a 3D object with the assistance of configurable backscatter
tags. We explore the idea of designing tag response codes to
improve the accuracy of orientation estimation. To minimize the
difference between the true and estimated orientation, we propose
two code design criteria. We also derive a lower bound on the
worst-case error using Le Cam’s method and provide simulation
results for multiple scenarios including perfect and imperfect
channel knowledge, comparing the performance of various coding
methods against the suggested designs.

I. INTRODUCTION

3D orientation tracking is an important function in many do-

mains, e.g., in robotics, aerospace, and medicine. Orientation

can be estimated using many methods, e.g., inertial sensors

can be mounted on the object whose orientation has to be

measured. Orientation can also be measured using a computer

vision based methods [1]±[4]. Each of the existing methods

have their own pros and cons. For example, inertial sensors

may not be suitable for many Internet-of-Things applications,

e.g., tracking packages where the solutions have to be very

cost-effective. Additionally, the performance of computer vi-

sion methods depends on light conditions, and can be confused

for objects that exhibit symmetries. As an extreme example of

that last problem, one can rotate a cube in many ways such

that it would look precisely the same as it did prior to rotation.

Wireless sensing has emerged as an interesting alternative

sensing modality. Radio-frequency based methods can be

useful when visible light wavelengths are not effective, e.g.,

cases with poor visibility or non-line-of-sight scenarios. In

particular, backscatter arrays have been recently used for

geo-location and 3D orientation estimation [5]±[8]. Using

backscatter arrays is philosophically akin to ªpainting the

facesº of an object, making it a promising option for the

orientation detection of symmetric objects such as the solid

cube in the last example. In this work, we study 3D orientation

estimation with the help of configurable backscatter arrays.

In order to aid with the estimation task, one can design

the backscatter response to received signals. Specifically, we

design the backscatter responses by changing their reflection

coefficients. The design can be captured as a binary code

specifying what or when the backscatter tags reflect. The prob-

lem of finding the best code for the estimation task was first

formulated and explored in [9], where we proposed a heuristic
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code design criterion and had a preliminary exploration of the

systems performance.

Contributions: In this paper, we revisit the problem and

expand our understanding in the following ways. First, we

propose two analytic code design criteria that depend on

channel knowledge, and investigate their performance with

respect to a baseline orthogonal code. We also develop a lower

bound on the worst-case error, which quantifies the systems

performance with respect to channel parameters such as the

number of antennas and the number of tags used. Finally, we

provide a comprehensive numerical exploration of the systems

performance, including the robustness of the design criteria

against imperfect channel knowledge.

By numerically evaluating the performance, we observe

the following. Our design criteria yield codes that offer

significant advantages over the channel-oblivious orthogonal

code for both the average and worst-case error performance

(see Section II-D for precise definitions). In some cases,

our designs provide two orders of magnitude improvements

in error performance. We also found that precise channel

knowledge at the transmitter is not critical; Our design criteria

are robust against channel estimation errors, retaining almost

all improvements when computed with SNR values greater

than or equal to 10dB.

Related work: In [9], we suggested a heuristic design criteria

aimed at maximizing the average-case performance, but did

not make attempts to assess its performance. Furthermore, we

only considered the average-case error of the system, and did

not study the worst-case error, explored in this paper. In [7],

[8], [10], the authors present various methods for orientation

estimation (2D or 3D) using backscatter tags, but do not

explore the design of backscatter responses and its effect on the

estimation problem. In [11], the authors use orthogonal codes

(see Section IV for a definition) to distinguish the tags from

each other and the environment. However, none of these past

works has considered optimal code design for 3D orientation

sensing.

Organization: Section II describes the channel model and

formulates the estimation problem. Section III describes the

main results. Section IV provides various numerical results.

Finally, the proofs of the theorems and lemmas shown in

Section III can be found in Section V of the full-version of

the paper [12]. Moreover, [12] contains additional numerical

results among which is the performance of the design criteria
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where θ(Q,Q′) is given in (10), erfc is the complement of the

Gaussian error function, and σ is the standard deviation of

the noise.

Hence, the design criteria for minimizing the average error

is simply given by the optimization problem minC U(C).
We can infer the following intuition from U(C) in (13):

good codes should map orientations that are far apart (in

terms of θ) to channel outputs that are also far apart. More-

over, since erfc(x) is tightly upper bounded by exp(−x2),
U(C) implies that the distance between channel outputs

∥F (Q;C)− F (Q′;C)∥F has an inverse exponential relation-

ship with the average error.

B. Codes And Bounds For the Worst-Case Error

Whereas we optimize an upper bound for the average error

in Section III-A, we obtain a lower bound on the worst-case

error M(C) using Le Cam’s method [15], and minimize the

bound to obtain a code for the worst-case performance. The

proof of the following result is given in Section V-B of [12].

Theorem III.2

Assuming complex white Gaussian noise, the worst-case error

M(C) given in (12) is lower bounded by:

V(C) = max
Q,Q′∈Q

exp

(
−
∥F (Q;C)− F (Q′;C)∥

2
F

2σ2

)

θ(Q,Q′)

4
, (14)

where θ(Q,Q′) is given in (10).

Hence, the design criteria for minimizing the worst-case

error is given by the optimization problem minC V(C). V(C)
corroborates the observations from Theorem III.1, and relates

the worst-case error to the model only through the distances

between channel outputs. In addition, we use the same tools

as in Theorem III.2 to quantify the worst-error error decay

with respect to system parameters. For an interpretation and a

proof of the Theorem III.3 please refer to Sections III-C and

V-C of [12].

Theorem III.3 (Minimax Bound)

The worst-case error is bounded as:

M(C) ≥
32π2λ2σ2D4

27K2 ∥Xtag∥
2
F

∑T

t=1∥B̃t∥2F ∥r(ct)∥
2

(15)

where B̃t = (I − BRt)
−1 and D is an approximate range

between the tagged object and the antennas.

C. Structure of the optimal codes

Finding the codes that minimize U(C) and V(C) is a

combinatorial optimization problem. Performing an exhaustive

search has a running time of O(2NT ) if wish to look for

the best code of size T . Hence, finding the best code using

brute-force is intractable except when the number of tags N ,

and the size of the code T , are very small.

Therefore, we introduce the idea of code proportions

which is essential in reducing the search space. We show that

our performance measures depend on the code only through

the particular proportions of each codeword (see Theorem

III.4). Let C = [c1 · · · cT ] be any code, then we define the

proportion of code configuration c ∈ {0, 1}N in C as

πc =
1

T

T∑

t=1

1c=ct
, (16)

where 1c=ct
is the indicator of the event {c = ct}. In other

words, πc is the relative proportion of occurrences of c in

T. Moreover, let π =
[
π
c
(1) , · · · , π

c
(M)

]T
be the vector of

code proportions, where c
(1), . . . , c(M) is an enumeration of

all codewords. It is straightforward to see that if two coding

matrices share the same size T , and the same proportions

vector π, then they are permutations of one another. In what

follows, instead of directly using the code C, we search for

the optimal code through the proportions vector π.

The following theorem allows us to analyze the effect of C

on the average and worst-case errors through the proportions

vector π. Moreover, we show that the derived bounds in (13)

and (14) can be written in terms of π. The proof of the

following results are given in Section V-D of [12].

Theorem III.4

Assuming independent and identically distributed noise, L(C)
and M(C) only depend on the code C through π.

Lemma III.1

If we fix T , the size of the code C, then we can write the

minimization of U(C) and V(C) in term of π respectively as:

U(π) =
∑

Q,Q′∈Q

erfc

(√
T ⟨π,g(Q,Q′)⟩

8σ2

)
θ(Q,Q′), (17)

V(π) = max
Q,Q′∈Q

exp

(
−
T ⟨π,g(Q,Q′)⟩

2σ2

)
θ(Q,Q′), (18)

where g(Q,Q′) ∈ R
M is given by g(Q,Q′)i =∥∥f(Q; c(i))− f(Q′; c(i))
∥∥
2
.

Theorem III.4 and Lemma III.1 allow us to write our

design criteria as optimization problems with respect to the

proportions vector π. In other words, the design criteria for

the average and worst-case errors are equivalent to minπ U(π)
and minπ V(π), respectively.

IV. NUMERICAL SIMULATIONS

A. Simulation Setup

We use N = 4 backscatter tags placed in a tetrahedron

configuration 0.25m away from the center. Each tag can have

two states, with reflection coefficients −0.5 and 0.5. K = 4
full-duplex antennas are arranged in a 1m × 1m square on a

plane 4m away from the center (see Figure 7 for a sample

arrangement). Each antenna emits an identical signal sk = 1
for all k = 1, . . . ,K. We use a wavelength λ = 0.005m, and

a set of orientations Q with |Q| = 4000.
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