PHYSICAL REVIEW RESEARCH 2, 023030 (2020)

Optimal distributed quantum sensing using Gaussian states

Changhun Oh®,' Changhyoup Lee,”> Seok Hyung Lie,' and Hyunseok Jeong':"
' Department of Physics and Astronomy, Seoul National University, Seoul 08826, Korea
2Institute of Theoretical Solid State Physics, Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany

® (Received 2 October 2019; accepted 10 February 2020; published 10 April 2020)

We find and investigate the optimal scheme of distributed quantum sensing using Gaussian states for
estimation of the average of independent phase shifts. We show that the ultimate sensitivity is achievable by
using an entangled symmetric Gaussian state, which can be generated using a single-mode squeezed vacuum
state, a beam-splitter network, and homodyne detection on each output mode in the absence of photon loss.
Interestingly, the maximal entanglement of a symmetric Gaussian state is not optimal although the presence
of entanglement is advantageous as compared to the case using a product symmetric Gaussian state. It is also
demonstrated that when loss occurs, homodyne detection and other types of Gaussian measurements compete
for better sensitivity, depending on the amount of loss and properties of a probe state. None of them provide
the ultimate sensitivity, indicating that non-Gaussian measurements are required for optimality in lossy cases.
Our general results obtained through a full-analytical investigation will offer important perspectives to the future
theoretical and experimental study for distributed Gaussian quantum sensing.
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I. INTRODUCTION

Quantum resources are known to be useful for further
enhancing the precision and the sensitivity of estimation of
various physical quantities beyond the standard quantum limit
[1-5]. A number of studies on single-parameter estimation
have been performed over the past few decades [6], but much
attention has begun to be paid to estimation of multipa-
rameters in recent years [7]. Quantum-enhanced sensitivity
in simultaneous estimation of multiple phases has been in-
vestigated to explain the role of quantum entanglement and
identify optimal and realistic setups saturating the ultimate
theoretical sensitivity [8—12]. The advantage of exploiting
quantum entanglement becomes more significant when sens-
ing takes place in different locations and the parameter of
interest is a global feature of the network, e.g., the average
of distributed independent phases [13—18]. Such distributed
sensing is related to applications such as global clock syn-
chronization [19] and phase imaging [8]. These inspire the
use of more practical quantum resources that are feasible
in a well-controlled manner with current technology, e.g.,
Gaussian systems [20]. Very recently, the sensitivities of
distributed quantum sensing with Gaussian states were studied
under specific conditions [16,17]. The ultimate sensitivity and
feasible optimal schemes, however, are not yet found and
studied in the class of Gaussian metrology [21-23].

In this paper, we investigate the ultimate sensitivity for
the average phase estimation in distributed quantum sensing
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with Gaussian states, where the phases are encoded onto
a multimode Gaussian probe state, as described in Fig. 1.
We find an optimal probe state and measurement setup that
achieve the ultimate sensitivity, which are shown to be exper-
imentally feasible with current technology. Interestingly, we
demonstrate that the optimal symmetric Gaussian probe state
is not a maximally entangled state. For practical relevance, we
further analyze the effect of loss, the entanglement-enhanced
gain, and other Gaussian measurements in various conditions.

We begin with a brief introduction to the formalism
describing Gaussian states and multiparameter estimation.
Gaussian states are defined as states whose Wigner functions
are Gaussian distributions and thus characterized by the first
moment vector d; = Tr[,bQ,-] and the covariance matrix I';; =
Tr[p{Q; — di, Qj — d;}/2], where {A, B} = AB + BA. Here,
a quadrature operator vector of a M-mode continuous vari-
able quantum system is defined as Q = (&1, P1, oo Xty P07,
satisfying the canonical commutation relation, [Qj, Qk] =

i(R11)ji» where 2oy = (°, ) ® 1y and 1 is the M x M

identity matrix.

II. DISTRIBUTED SENSING

Consider estimation of M-parameter ¢ = (¢1, ¢», ..., o)’
based on measurement outcomes x, obtained with a condi-
tional probability p(x|¢). The multiparameter Cramér-Rao
inequality states that the M x M estimation error matrix
X = (i — ¢>i)(q3j — ¢;)) of any unbiased estimator é; is
bounded by the Fisher information matrix (FIM), F(¢),

ie, T>F!, where Fij($) = 3, ;o Gl e ? [24].

The conditional probability p(x|¢) = Tr[,b¢f[x] is given by a
positive operator-valued measure [T, for a given parameter-
encoded state pg. The quantum Cramér-Rao inequality sets a
lower bound for the error of an unbiased estimator, i.e., ¥ >

F~'>H', where Hi; =Tr[,?)¢{ﬁi,ﬁj}]/2 is the quantum
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FIG. 1. Schematic of distributed sensing under investigation. A
multimode probe state pprone generated from the first beam splitter
network (BSN) for a given product state input ®",p; undergoes
the individual phase shifts on each mode. The parameter-imprinted
state Py is fed into the second BSN, followed by measurement. The
measurement outcomes are used in post-processing to estimate the
parameter ¢* = Zf‘il w;¢; with the weight vector w.

Fisher information matrix (QFIM), with ; being a symmetric
logarithmic derivative operator associated with ith parameter
¢; [25]. When a linear combination of ¢;’s, ¢* = wl¢ =
Zf‘i , wi¢; with the weight vector w, is of particular interest,
the estimation error is bounded as [26]

AN = (" —¢ ) 2w F lw>wH 'w. (1)

Here, F~! and H™' are understood as the inverse on their
support if the matrices are singular. Throughout this paper,
we assume the normalization Zfi | lw;| =1 for simplicity.

III. GAUSSIAN DISTRIBUTED SENSOR

A. Quantum Fisher information matrix

Consider a distributed phase sensor in which a product
Gaussian input state ®%,p; is injected into a beam splitter
network (BSN), preparing a probe state Dpope, the multiphase
information is encoded onto Ppobe by a unitary operation
U¢ = exp(—i szvl:l %&j&j), and the output state pg is mea-
sured after the second BSN, as depicted in Fig. 1. Note that
configuration of the first BSN enables one to generate any
probe Gaussian states [22,27]. We also implicitly assume a
strong reference beam to define the phases, accessible in each
mode for measurement [28]. Here, we aim to investigate the
sensitivity of Gaussian states for estimation of the parameter
¢*. When the probe state ppobe after the first BSN is a pure
Gaussian state characterized by (I, d), the elements of the
QFIM are written as [29-34]

Hij = ZTr[rg;({geréigge] - 6ij + (Szzdl()ir)obe)T[r;rcl)be](i’j)

x (Rd ) )

where A%/ denotes the 2 x 2 submatrix in the ith row and
Jjth column of the M x M block matrix A, and similar for the
vector d'”. The derivation of the QFIM of Eq. (2) is provided
in Appendix A. The convexity of QFIM makes it sufficient
to consider only pure probe states to find an optimal state
maximizing the QFIM [14], but one can find the analytical
form of the QFIM for general Gaussian states [29-34]. The
quantum Cramér-Rao bound in Eq. (1) can be saturated since
the generators of parameters commute [12].
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FIG. 2. Estimation errors when probing the phases with prod-
uct states. The top curve represents the standard quantum limit,
A’¢5o, whereas the other curves show the error A’¢gpgs when
M =1, 3, 100. The error A%¢}, increases with M for a fixed N,
but is always below the error A2¢§QL, which approaches 1/8N as
M — oo.

B. Optimal product Gaussian state

Let us first consider the case where the probe state is
a product state and thus the QFIM is evidently a diagonal
block matrix. Without loss of generality, we assume that the
block matrix of the covariance matrix for ith mode is I"? =
diag(e?i, e=%)/2, simplifying the estimation error of ¢* to be
A2p* > 3 wP(coshdr, — 1+ 2d3e7 1 4 2d3,_e¥)~".

When probing with a product coherent state, the error
bound becomes " | w?/2(d3, + d3,_,), and the best strategy
for a given total average photon number N is to distribute the
energy N over the modes according to the weight |w;|, i.e.,
N; = (d} +d3,_,)/2 = N|w;|. The estimation error is thus

2 4% w12 1 — A2 %
A%p 2;4M—4N—A¢SQL7
where the lower bound defines the standard quantum limit.
When w; = 1/M, i.e., ¢* is the average phase, A2¢§QL =
1/4Mii, where ii = N /M represents an equal average number
of photons hitting each phase shifter.

Among all product Gaussian states, the best strategy under
the energy constraint N is to prepare the probe state in
a product squeezed vacuum state with 8N?(N; + 1)/(2N; +
1) oc w?. Thus, particularly when w; = 1/M, in which ¢* is
the average phase, the estimation error becomes

M 1

AZ * > _ _ — EAZ * ,
9> SN(N +M)  8Mna(i+1) Poras

3

where we have set r; = r for all i and N = M sinh? r. Note
that the Heisenberg scaling with 7 or N is achieved. We refer
to the above product squeezed vacuum state as the optimal
product Gaussian state (OPGS) throughout this paper. The
error A2¢E‘)PGS grows with the number of modes M, over
which the probe state is distributed for a given N, as shown
in Fig. 2. When an equal energy can be used in all the modes,
i.e., for a fixed 7, the error A2¢6PGS decreases with M, which
is obvious since the total energy being used increases by
M times. It can be easily shown that the estimation error
Azd’gms can be achieved by performing homodyne detection
on each mode without the second BSN [35].
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C. Optimal entangled Gaussian state

We now turn to the case when the first BSN is configured
to create mode correlation for an injected product input state.
In order to find the ultimate sensitivity in distributed sensing
using Gaussian states and an optimal probe state, one can
further develop the inequality of Eq. (1) as

|w|* |w|*

AZ * > wTH*lw > — ~
¢ wTHw  4(A2G*)y

|w|*
~ 4max, (A2GY),

where G* = Zf‘i ! wi&;&i is the generator of ¢* [13]. From
now on, let us focus on the estimation of the average phase,
i.e., w; = 1/M. Using a series of inequalities, we show that
the error for the average phase estimation is given by (see
Appendix B for the detail)

1 1

AZ * > _ _ — EAz * ,
9> SN(N +1)  8Ma(Mi+ 1) Poras

We note that the ultimate error A2¢8EGS scales with N2
or %, and is smaller than the error A%¢5,. A similar
scaling has been discussed in Ref. [14] but with different
quantification of the resource.

We show that the ultimate error Azq%ﬁcs can be achieved
by using symmetric Gaussian probe states with zero displace-
ment. The covariance matrix of pure symmetric Gaussian
probe states can be written as a M x M partitioned matrix

Iprobe With submatrices Fg;é{)e = diag(yy, y») for all i and

[0, = diag(er, &) for all i  j [30,36-38]. Since the states
are assumed to be pure, the components obey the relations
1 —€e)ya—e)=1/4 and [y1+ WM — Delly, + (M —
1ey] = 1/4 [36-38]. The QFIM for symmetric Gaussian
states is evidently a symmetric matrix with H;; = H;; for all
i and H;; = Hy, for all i # j. Finally, using Egs. (1) and (2),
the estimation error is reduced to

1

M[H\1 + (M — 1)H;]’

Ao > @)
where Hyy = 2(y{ + v3) — 1 and Hyp = 2(€7 + €3) (see Ap-
pendix C for details). It is clear that the correlation quan-
tified by €; and €, Hy», plays an important role, but the
sensitivity is eventually determined by an interplay with the
term Hp; that is not independent of H;, for a given energy.
After minimizing the lower bound in Eq. (4) under the
energy constraint N = M(y; + y» — 1)/2 (see Appendix D
for the detail), we recover the ultimate error A2@g;;s when
Yia=1/2+¢€, and €, =[N £ /NN + 1)]/M, leading
to Hjy =4NQ2N + M + 1)/M? and H;» = 4N(2N + 1)/M>.
Therefore, the ultimate estimation error A2¢6EGS can be
achieved by the optimal symmetric Gaussian state, which we
call the optimal entangled Gaussian state (OEGS) throughout
this paper. Most importantly, in contrast to the error A%¢gpe.
the error A2¢8EGS is independent of the number of modes
M for a fixed energy N and scales with M~2 for a fixed
i1, evidently resulting from exploiting entanglement. Thus,
the mode entanglement enables one to prevent the estimation
error from growing with M.
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FIG. 3. Dependence of the reduced entropy S(y) in the esti-
mation error when probing with symmetric Gaussian states (black
curves) in comparison with the OPGS (blue lines) and the OEGS
(red lines). (a) For the average phase estimation, the OEGS achieving
the ultimate sensitivity does not have the maximal reduced entropy.
(b) However, the OPGS is optimal for the simultaneous phase
estimation.

D. Role of entanglement

One might wonder whether the OEGS is the maximally
entangled Gaussian state, for which the entropy of the reduced
state is maximized. We now demonstrate that it is not the
case. The entropy of the single-mode reduced state having
a diagonal covariance matrix y is given by S(y) = iir In(1 +
1/it) + In(ar + 1) [21], where fir = \/y1y, — 1/2 is the av-
erage thermal photon number of the reduced single-mode
state. The entropy S(y) increases with the entanglement of
the total system under investigation, where pure symmetric
Gaussian states are only considered [39]. Interestingly, the
OEGS achieving the ultimate sensitivity does not have the
maximal entropy, as shown in Fig. 3(a). This is surprising
and in contrast to other cases, where maximally entangled
states have shown to lead to the optimal sensitivity, e.g., the
GHZ state of qubits exhibiting the maximal entropy of the
reduced state [13]. In our scenario, the state often referred to
as the continuous variable GHZ-type state having the maximal
reduced entropy [40-42] exhibits worse sensitivity than the
OEGS. A similar result has been reported for estimation of
unitarily generated parameters in Ref. [10].

It is worth comparing with the error of simultaneous
phase estimation, A%¢ = Zf\il A’¢;. For general symmetric
Gaussian states without displacement, the error can be writ-
ten as A%¢ > Tr[H '] = (M — 1)/(Hi — Hiz) + 1/[Hy1 +
(M — 1)H|,], where the first term will be ignored if H;; =
Hi,. For a product probe state, H;, disappears and thus,

ags My
¢ > SN T M) $orGs,
where the bound A%;;PGS can be achieved by the OPGS.
When using the OEGS, however, the estimation error is

given by
M2NM — 1) +2M — 1]
SN(N + 1)

A% > = A’¢orcs.

It is clear that the error A2¢oggs is larger than the error
A%popgs. More generally, any entangled symmetric Gaussian
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states exhibit worse sensitivity than the OPGS, as shown in
Fig. 3(b).

IV. PRACTICAL PERSPECTIVES

A. Physical implementation of the optimal scheme

We have shown above that the ultimate estimation error
A2¢6EGS is achieved by the OEGS. Generation of the latter is
experimentally feasible with current technology as we provide
here. Suppose that a product state of a p-squeezed vacuum
and EM - I)Avacua is injec}ed into the first BSN, cogﬁgured
as Ussn = By—1.mOu-1)By—2m-10m—2) X - -+ x B12(601),
where éi,j(ej) = exp[@,-(&:faj — &i&;)] and 6; = arccos(M —
j + 1)71/2. Consequently, one can show that the output state
of the BSN is the OEGS. Notice that different configurations
of BSN can be employed to generate the OEGS [16].

We demonstrate here that homodyne detection on each
mode is sufficient to achieve the ultimate error A2¢8EGS
without using the second BSN. The resultant probabil-
ity distribution of homodyne detection follows a Gaus-
sian distribution with the zero first-moment vector and the
M x M covariance matrix I'yp with diagonal components
[Tuplii = y1 cos? ¢; + 1» sin? @; and off-diagonal components
[TCuplij = €1 cosg; cos ¢; + € sin@; sin @, where ¢; = ¢; —
Oup,; with homodyne angles Oyp; on ith mode. The er-
ror is thus given by Aij;‘m > wTF~'w, where F; =
Tr{ ;15 (39, Tp )Ty (3, Tp)1/2. It can be easily shown that
the lower bound is equal to A%@S.cs When ¢; = @op =
/2 — cot™'[2{/N(N + 1)]/2 for all i. Such optimal phase
setting can be made by adjusting the homodyne angles 6yp ; =
¢i — Popt-

B. Effects of loss

From a practical perspective, we analyze the effect of pho-
ton loss on the sensitivity. When loss is assumed to occur in
each mode with an equal 7, the covariance matrix of the probe
state is transformed as I'probe = Nl probe + (1 — 7)1opr/2, i€,
yi2— nyi2+ ({1 —n)/2 and €2 — ne; o [21,30]. Conse-
quently, the theoretical optimal error bounds A2¢(’§PGS and
A2¢6EGS become

A @ipcs(n) = 1/ANnQND /M + 1 + 1),
A @ies(m) = 1/4Nn(2Nn +n + 1),

respectively. When homodyne detection is performed, the
resulting error bounds are, respectively, given as

AP pas (M) = [AN7(1 —n) + M1/[8n°N(N + M)],
A peas () = [ANn(1 — 1) + 11/[8n°N(N + )],

for which the homodyne angles have been appropriately cho-
sen. One may also seek other type of Gaussian measurement
that could outperform the case yielding A2¢6EGS,HD(77) in the
presence of loss. We exemplify the latter by performing an
appropriate general-dyne detection on the first output mode
and heterodyne detection on the other output modes of the
second BSN that is set to realize U];SIN. The associated error

(b) 20 N
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0.0 02 04 06 08 10 00 02 04 06 08 10
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FIG. 4. (a) Comparison among the estimation errors A%¢8 (1)
(red curve), A*pgrasup(n) (green curve), and A*@épss op(n) (or-
ange curve) with loss n for N = 10. The estimation error of the
optimal scheme A%¢..s(17) achieves an improvement by an order
of magnitude compared to homodyne detection and general Gaussian
detection when loss is significant. Note that there exist two crossing
points () between A% s up (1) and A?@de.s op (1) as 7 increases.
(b) The ratio of A%¢&pcsup(M) 10 A*Pfcs op(n) as a function of
N and 5. The boundary, represented by a solid line, is given by
N=(1++2) /2n(1 — n), at which homodyne detection and general
Gaussian detection after the second BSN (013_511\1) yields the same
sensitivity. General Gaussian detection scheme becomes significant
only when N > 2(1 4 +/2), and exhibits the most advantage over the
homodyne detection at n = 0.5.

bound when probing with the OEGS is given as

AN(I =+ 141 —4Nn(n —1)

82NN + 1)

A2¢8EGS,GD('7) = )
whose derivation and detailed setup are provided in
Appendix E. Figure 4(a) reveals that the error A%¢8 ¢ yp (1)
is competitive with Azd)(*)EGS,GD(n) depending on n, and
none of them attain the ultimate error A2¢(’§EGS(77) when
n < 1. Comparable behaviors between A2¢6EGS‘HD(n) and
A’¢lrgsgp(m) are elaborated in terms of N and 7 in
Fig. 4(b), identifying the regions in which one prevails over
the other. It shows that homodyne detection is advanta-
geous when N > (1 4+ +/2)/2n(1 — n). Interestingly, the error
bound Azcj)gEGS’HD(n) is exactly the same as that of a single-
mode phase estimation using a squeezed thermal state [43].
One could further reduce the error by having displacement
as in Ref. [16], or seek for non-Gaussian measurements to
achieve the ultimate error A2¢6EGS(17) in lossy cases [32,43].
The enhancement of sensitivity by entanglement
can be quantified by the relative error ratio Roy =
A2Pgpes (M) A*Ppss(n) for the case that an optimal
measurement is assumed, and the error ratio Rpyp =
A2¢8PGS’HD(77)/ A2¢5EGS’HD(77) for the case that homodyne
detection is performed. Figure 5(a) shows that the R slightly
decreases with a moderate loss 7 and monotonically increases
with 71, while the Ryp drastically drops with n and exhibits
the optimum at 2 = 1/2./Mn(1 — ), where the relative
enhancement is maximal, when n < 1. The behaviors of R
and Rygp with increasing M are presented in Fig. 5(b) for
i1 = 6. Remarkably, both Ry, and Rup are always greater
than unity in all cases with any 7, stressing the usefulness of
entanglement in Gaussian distributed sensing against loss.

V. DISCUSSION

We have investigated the ultimate sensitivity of the aver-
age phase estimation in distributed quantum sensing using
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FIG. 5. The relative error ratios Ry, and Ryp for the cases with
n = 1(solid), 0.9 (dashed), 0.8 (dot-dashed), 0.7 (dotted) (a) as a
function of # when M = 4, and (b) as a function of M when 7 = 6.
The quantum enhancement offered by the optimal scheme is robust
against photon loss. Overall, loss is obviously always detrimental
for a given 7 and M, i.e., the error ratios decrease with 7. Lines
connecting dots in panel (b) are to guide the eyes.

Gaussian states. The ultimate sensitivity has been shown to
be achievable by the OEGS possessing partial entanglement
between the modes and by performing homodyne detection on
each mode in the absence of loss. When photon loss occurs,
homodyne detection ceases to be optimal, but non-Gaussian
measurement would be required for achieving the ultimate
sensitivity. Alternatively, a slightly better sensitivity can be
obtained by conducting other type of Gaussian measurement
on the output modes of the second BSN that implements
the inverse transformation of the first BSN. Although the
sensitivity decreases with loss in all the cases considered in
this work, we have revealed that using the OEGS is always
advantageous for average phase estimation as compared to
the case using unentangled symmetric Gaussian states. While
we have focused on identification of the ultimate sensitiv-
ity and the optimal setup for the average phase estimation
in this work, finding those for estimation of other linear
combinations of phases would also be an interesting future
study. Another interesting open question is to explain the
enhancement of sensitivity in a more intuitive manner such
as using the multiparameter squeezing parameter [18] other
than entanglement, which we leave for future study. Finally,
finding the optimal measurement achieving the best sensitivity
in the presence of photon-loss is also an important remaining
task as in the recent study, where the optimal non-Gaussian
measurement in a special case of M =1 is theoretically
found [43]. The experimental implementation of the optimal
measurement needs to be devised.

It is worthwhile to discuss our results in relation to recent
results in distributed sensing. First of all, a recent experi-
ment successfully showed an enhancement by entanglement
in distributed Gaussian quantum sensing [16]. The theory
behind the experiment in Ref. [16] assumed that the phase
shifts of interest were extremely small and the estimation
error was quantified by the linear error propagation analysis
from homodyne detection. However, our work identifies the
ultimate estimation error in distributed Gaussian sensing by
proposing the optimal Gaussian probe and it can be applied
to phase shifts of arbitrary degrees. Thus, the experimental
results could be understood better and interpreted from a

broader perspective of distributed Gaussian sensing. In addi-
tion, the optimal entangled Gaussian state has been proven to
be optimal for distributed quantum sensing of field-quadrature
displacement [44—46].
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APPENDIX A: DERIVATION OF THE QUANTUM FISHER
INFORMATION MATRIX FOR DISTRIBUTED SENSING
USING ISOTHERMAL GAUSSIAN STATES

In this section, we derive the quantum Fisher informa-
tion matrix (QFIM) for distributed sensing using isothermal
Gaussian states. When a phase-encoded state is the isothermal
Gaussian quantum states characterized by [T'(¢), d(¢)] with a
isothermal photon number 7, the QFIM is given by [32]

3 aT(¢p) . T(P)
Hij_2ﬁ2+2ﬁ—|—1Tr|:92M Do M T ]
ad" (@) __, 3d(¢)
r , Al
T o, 2%, (AD
where

T(@) = S(@)TpobeS" (@),  d($) = S(@)dprobe.

are the covariance matrix and the first moment vector of
the quantum state after the unitary operation encoding ¢
corresponding to the symplectic matrix S(¢), respectively. In
the distributed phase sensor, the symplectic transformation

corresponds to
sin d),'
coso; )’

S(¢) =&, (
Note that symplectic transformation § is defined as ones
that preserve the canonical commutation relation, ST€,y,S =
41, corresponding to a Gaussian unitary operation U applied
to density matrices by the relation UTQU = SQ.
The first term in Eq. (A1) can be simplified as

Cos @;
— sin ¢;

ol ar
Tr| oy — oy —
f[ 2M3¢i 2Ma¢j]
9S(¢) 95(¢)
= Tr|:Q2M 8(}5? probe ZMTﬁq;rprobe
95(¢) 3S™ ()
+ Qo 8—¢, T probe 221 T probe W
35T (¢) 9S(¢)
sz r robe SZ r robe
+ 8221 L prob 30, 2M8¢j prob
T 3ST(¢)Sz I 3ST(¢)}
2M 1 probe P) ¢i 2M 1 probe 9 ¢j
$=0

= Tr[Pz rprober rprobe + PirprobeQZM rprobe s22MPj
+ Pj l-‘probe SZZM 1-'probe SZZMPi
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+ I‘probeP'rprobep']

= 2Tr[T0D 1Y | — 65527 + 1%,

probe ~ probe (AZ)

where T ;’“{ge = P,Tprone P;. Here, we have set ¢ = 0 without

loss of generality since the QFIM is independent of ¢ under
unitary transformation, and we have used

AL (¢) _ 3S(¢) T aST(¢)
3¢i - 8¢, probeS (¢)+S(¢)Fpr0be 8¢l
95(¢) 35T (¢)
= T¢_rpr0be l-'probe ) ¢ .
and
as(¢)  3S(¢)
_SZQM 8¢, - - 8¢l Q M
T T
g, 5@ _ '@,
a¢i ad),
which is the projection onto the ith mode, P, =
aS(¢)| when ¢ = 0.
=0

The second term in Eq. (A1) is

0d"(¢) [, 9d($) _ (as<¢> i )Trl (as<¢> i )M
09 29, og; 9g; "
= (Rede) 1 (Red). (A3)

Thus, substituting 7 = 0 into Eqs. (A1)~(A3), i.e., for pure
states and using I'prope = I' and dyrope = d since we have set
¢ = 0, we obtain the expression of Eq. (2) in the main text.

APPENDIX B: MAXIMUM VARIANCE OF G*

Let us derive the maximum variance of G* =
Mot
S ¥ ala;/M. The variance can be written as

MZ(AZG*) — MZ((G*2> _ <G*)2)
M 2 M 2
~((3560) )= (o)
i=1 i=1
M M
= (@a)*) + ) (afadlay)
i=1 i#j
M M
- > afa)’ =) (@ja)ata;)
i=1 i#j

Using the fact that G* is invariant under any passive trans-
formation, one can assume that (&T&,&Taj) (&j&i)(&;&j) =0
for i # j without loss of generality and get

1 M
— N A¥ala)
3 D A@a,

M i=1

which shows the variance of A2G* is the sum of the photon
number variance in all the modes. Since a squeezed vacuum
state exhibits the maximum photon number variance among

N

Gaussian states, which is (cosh4r — 1)/4,

M
. 1
A2G* < e > (coshdr; — 1). (B1)
i=1

Under the constraint for the total mean photon number of
the state N, one can prove that the upper bound of A%G* in
Eq. (B1) is given by 2N(N + 1), i.e.,

SN(N +1)

2 Ak
4G <

(B2)

APPENDIX C: PROPERTIES OF THE QFIM FOR
SYMMETRIC GAUSSIAN STATES

Let us consider the QFIM having diagonal elements Hi;
and off-diagonal elements Hj,, which is then written as

H= H”Zh l|+H122|1

i#]

= (Hj —H12)2|l (il + Hi Z 4)(Jj

i,j=1
M
= (Hn — Hpp)1 + Hypp Z ) {j
i j=1

where {|z)}M | represents the standard basis. By introducing
+) = XL 1)/ VM,
H = (H\1 — Hi2)1 + MH;2|+){(+|
=(Hu — Hi)(L — [+)(+]
+ [(M — DHyz + Hi]|[+) (+].
When Hy; # Hj,, the inverse of the QFIM is

H™' =(Hy — Hip) 'L — [+)(+])
+ [(M — D)Hyp + Hy 174 (+H,

and thus

Ti(H 'l = (M — 1)(Hy — Hip)™' + (M — DHy + Hyp ™!

When Hy; = H,, however, the inverse of the QFIM is

' =[(M — DHp + Hi 17 4) (4],

and thus

Tr[H™') = [(M — DH;, + H; 17"

APPENDIX D: MINIMIZATION OF THE ESTIMATION
ERROR WHEN PROBING WITH SYMMETRIC GAUSSIAN
STATES

For pure symmetric Gaussian states, the elements of the
covariance matrix satisfy

V1 — €Dy —e2)=1/4,

i + M = Dellly + (M — Dex] =174, (DD
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and the energy constraint is

Parametrizing y) , as

N =My +y—1/2. Vip = ine’,
we can rewrite €, as
|
2 ABM —2) — M £ [ (47 — )[M@4RM — M +4) —4]
2= 8 (M — 1) c
[
where 0 < r < cosh™ !N /M + 1)/2. as

Under the above constraint, our task boils down to finding
parameters that maximize

M2(yf +y35) — 14+2M — (€] + €)], (D2)

whose maximum value can be shown to be 8N(N + 1), in

general.
One can easily check that if we use

1 +1\7i\/N(N+1)
Yi2= % - s,

7 i (D3)

and

N+ NN +1)
€12 = Ty

(D4
the maximum value of Eq. (D2), i.e., 8N (N + 1), is attained,
which thus proves that A%¢f . introduced in the main text is
achievable by the symmetric Gaussian states with parameters
satisfying Egs. (D3) and (D4).

APPENDIX E: GENERAL GAUSSIAN MEASUREMENT

In this section, we derive the lower bound of the esti-
mation error based on a particular Gaussian measurement
and provide its implementation. A measurement is called a
Gaussian measurement if it can be implemented by adding
Gaussian ancilla states with Gaussian unitary operations and
performing homodyne detection [22,30]. Mathematically, a
Gaussian measurement on M-mode states p can be written
by positive-valued measure measure (POVM) elements {flg}

J

. | NN
I = n—MD(E)HoDT(E),

where D(&) = exp(—i€ 2y Q) is a displacement operator,
and I1y is a density matrix of a M-mode Gaussian state with a
zero-displacement and a covariance matrix I'y;. Note here that
[1y characterizes the Gaussian measurement. Let us assume
I1j to be a pure state. One can easily show that the probability
distribution for a Gaussian input state with the covariance
matrix I' and the first moment d is given as a Gaussian
distribution with the covariance matrix (I' + I'yy)/2 and the
first moment d / /2. For the phase-encoded Gaussian state of
I'(¢p) with zero displacement, the Fisher information elements
based on Gaussian measurement with I'y; are thus given by

Fij( _lp (r+r iy )_,ar
,,¢)—§r M) BTQ( M 87()1

Let us consider a Gaussian measurement [T, with the
following covariance matrix:

M €M €M
€M YMm €M
'm=| . . B
€M €M YMm

where yy; = diag(ym,1, ¥m.2) and ey = diag(epm. 1, €m2) are
2 x 2 diagonal matrices, and yv,; = 1/2 + €em,; and ey j =
[Nm — (=1 /Ny(Ny + 1)1/M for j =1,2. Note that the
covariance matrix is the same as that of the optimal entangled
Gaussian state with N replaced by Ny. If the phase-encoded
state is the optimal entangled Gaussian state in the presence
of loss, then one can find that the lower bound of the error can
be written as

Algr > 21N — 20y/ Ny + DN + 1) + Ny — (7 = 2)uN + 1
- 4n2N(N + 1)
N NI —mn+1++/1—4Nn(n —1)
- 8n2N(N + 1) ’

where the optimal value of Ny is chosen for the second
inequality.

If we employ a squeezed thermal input state, pi, =
S(rprST(r) ® 10)(01®M =1 where 8(r) = exp[r(a™> — a*)/2]

(

is a squeezing operator applied on the first mode, and
m:z;ﬁoﬁ”/(ﬁ—{—l)”*lm)(nl is a thermal state with
the mean photon number 7, the lower bound by the
aforementioned Gaussian measurement can be written

023030-7



OH, LEE, LIE, AND JEONG

PHYSICAL REVIEW RESEARCH 2, 023030 (2020)

as

—1

2/ 41
A2p* > |:< _n_:_l ) sinh? 2r:| ,
7

which is exactly the same as the lower bound for single-
mode phase estimation using a squeezed thermal probe state,
as shown in Ref. [43]. Note that preparing the squeezed
thermal state input without a photon-loss channel is equiv-
alent to using the optimal entangled Gaussian state with a
photon-loss channel after adjusting appropriate parameters
when the photon-loss rates are equal to each other [47].

Let us find the implementation of the Gaussian measure-
ment corresponding to I'y;. Noticing that mixing a p-squeezed
state and (M — 1) vacua by the first beam splitter network
(BSN) in the main text generates the optimal entangled state,

[Ty can be represented by

[Tp = Upsnlr, 0, ..., 0)(r, 0, ..., 0|Ujiys

where |r)(r| represents a p-squeezed state with a squeezing
parameter r and |0)(0] is a vacuum state. Since a BSN
transforms a displacement operator into another displace-
ment operator and a single-mode Gaussian measurement of
flg = ﬁ(;‘)ﬁoﬁ*({)/n can be implemented by the general-
dyne measurement [48], the Gaussian measurement can be
performed by general-dyne measurement on M modes after
the second BSN that processes the reverse of the first BSN
generating the optimal entangled state. Especially when [T
is a vacuum, the general-dyne measurement reduces to a
heterodyne measurement.
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